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Formation of Secondary Organic Aerosol   
due to Terpenoid Ozonolysis in Ventilated Settings 
 
Somayeh Youssefi 
 
 
 
 
The average American spends 18 hours indoors for every hour spent outdoors. Therefore, the 
quality of air indoors is important and can impact human health. The ozonolysis of monoterpenes 
impacts indoor pollutant exposure because those reactions generate secondary organic aerosols 
(SOA), which are condensed phase airborne particulate matter. Ozone (O3 ) typically infiltrates 
indoors with outdoor air, and monoterpenes (C 10 H 16 ) are unsaturated hydrocarbons emitted from 
consumer products, such as air fresheners and cleaning agents. Organic aerosol mass formation 
owing to terpene oxidation can be parameterized with aerosol mass fraction (AMF). The AMF is 
the ratio of the produced SOA mass to the terpene mass that is oxidized, and it is not constant and 
increases concurrent with more organic aerosol being available.  
Prior to this work, prediction of indoor-formed SOA was limited in accuracy because indoor 
models assumed a constant AMF. As such, the first main objective of this work was to develop an 
improved indoor formation model that could account for varying AMFs, which was validated with 
field and laboratory measurements in the literature. 
Furthermore, current available AMF data in the literature were from atmospheric studies and 
were measured mostly in unventilated smog chambers for ozone-excess conditions, which is not 
realistic in most indoor settings. Therefore, the second main objective of this work was to determine 
the impact of the building air exchange rate (h-1), which is the volume normalized airflow through 
a space, on the AMF of SOA formed due to monoterpene ozonolysis. 
xii 
 
To do so, two series of experiments were performed with limonene and α-pinene in a chamber 
at different air exchange rates (AER) and at realistic concentrations to study the AER and initial 
reactants’ concentrations on SOA formation and the AMF. Limonene ozonolysis AMFs ranged 
from 0.026 to 0.47, and α-pinene AMFs ranged from 0.071 to 0.25. Results indicated that as AER 
increased, the AMF strongly decreased for limonene, but for α-pinene the impact was in the oppo-
site direction and weaker. Also, for limonene ozonolysis, the ratio of ozone-limonene initial con-
centrations affected SOA formation positively. These differences arise due to molecular structural 
differences: Limonene has two double bonds, and secondary ozone chemistry with the remaining 
exocyclic bond in the SOA phase is the driving factor; α-pinene only has one, and resulting AER 
impacts are due to removal of concentrations and competing loss effects. Moreover, limonene has 
a greater potential to influence indoor SOA concentrations than α-pinene. 
Finally, the first and second objectives focused only on aerosol mass formation, but experi-
ments revealed differences in the resulting aerosol size distributions and number formation. For 
instance, the peak number concentration was decreased for both limonene and α-pinene ozonolysis 
as the AER increased. It is due to the fact that exchange of air with outdoors shortens residence 
time of reactants and continuous removal of indoor air causes a non-equilibrium condition between 
the gaseous and the particle phases.  In the third and final objective of this dissertation, I developed 
a model to predict the size distribution evolution, which can be used in the future to explore the 
drivers of the evolution of the SOA size distribution indoors.  
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Chapter 1: Introduction 
 
1.1 Background 
Organic aerosols are a major component of fine-particle mass in the atmosphere, and they 
account for 20 to 90% of outdoor fine particles (Jimenez et al., 2009). These particles may be 
primary emitted or secondary organic aerosols due to reactive chemistry. The main sources for 
primary organic aerosols include direct emissions from forests, living vegetation, coal fired power 
plants, automobiles and fossil fuel vehicles, while secondary organic aerosols (SOA) are often cre-
ated via oxidation reactions of biogenic organic compounds. The oxidation of various organic spe-
cies such as terpenes, alcohols, aldehydes and aromatics can produce low or semi-volatile gaseous 
products that can nucleate or partition on available particles to form SOA, which is condensed 
phase particulate matter (PM). It is controversial which organic aerosol type, primary or secondary, 
contributes more to the total aerosol mass. However, recent research shows that SOA accounts for 
a large amount of atmospheric organic aerosols both in remote and urban areas (Robinson et al., 
2007, Jimenez et al., 2009).  
This work focuses particularly on the SOA that forms due to ozone/terpenoid reactions in-
doors. In urban areas, ozone is present at elevated concentrations (Seinfeld and Pandis, 1998). It is 
a strong oxidant and is either transported indoors from outdoors (Weschler, 2000) or is emitted 
indoors by devices such as printers, photocopiers, and ion generators (Wallace, 2006, Waring et 
al., 2008). Terpenoids are unsaturated organics used in consumer products due to their solvent 
characteristics or aromas (Sarwar et al., 2004, Singer et al., 2006a, Sarwar and Corsi, 2007, 
Coleman et al., 2008), and the most common indoor terpenes are limonene and α-pinene (Brown 
et al., 1994, Weisel et al., 2005). As such, ozone and terpenes are simultaneously present in indoor 
settings at sufficient levels to react and meaningfully influence indoor concentrations. Weschler 
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and Shields (1999) first showed that indoor ozone/ terpene reactions are a source of particles in-
doors, and since then their work has been expanded by others (Cocker Iii et al., 2001, Destaillats et 
al., 2006, Singer et al., 2006a, Singer et al., 2006b, Shilling et al., 2008, Chen and Hopke, 2009a, 
Waring and Siegel, 2013).  
Ozone attacks unsaturated carbon-carbon bonds in terpenes to form a primary ozonide, 
which then cleaves to form a carbonyl and an excited Criegee intermediate (CI*).  That CI* may 
be quenched to become a stabilized Criegee intermediate (SCI) that can further react to generate 
various low vapor products that yield secondary organic aerosol (SOA) in the ultrafine (<0.1 μm) 
and fine (0.1–2.5 μm) particle ranges (Fan et al., 2003). When ozone/terpenoid reactions com-
mence, especially when background aerosol concentrations are low, these low vapor pressure com-
pounds can self-nucleate and predominately generate new particles. After new particle formation, 
gaseous products largely condense and are absorbed by the available aerosols and generate new 
particle mass due to partitioning. As a consequence of the absorptive partitioning mechanism 
(Pankow, 1994a, Pankow, 1994b), SOA formation depends not only on the amount and volatility 
of the gaseous products, but also on the amount of the aerosol mass into which the compounds 
partition (Odum et al., 1996).  
The most important descriptor of semi-volatile aerosol formation is the ‘aerosol mass frac-
tion’ (AMF), which is also known as the ‘SOA yield.’ The AMF is the ratio of mass concentration 
of aerosol formed to that of the reactive organic gas (ROG) that is oxidized (Grosjean and Seinfeld, 
1989, Pandis et al., 1993). The AMF is widely used as a quantitative measure of SOA-forming 
potential of a particular parent ROG. The reported AMFs for a single compound have shown a 
great variation as a consequence of the absorptive nature of partitioning; for instance, AMFs for α-
pinene ozonolysis range from just above zero to ~0.3 for an organic aerosol range of up to 1,000 
μg/m3 (Presto and Donahue, 2006), while those for limonene ozonolysis can range up to ~1.2 for 
the same range (Zhang et al., 2006). 
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 The semi-empirical model presented by Odum et al (Odum et al., 1996) can be applied to 
parameterize the AMF. Those authors assumed that in a closed chamber where the oxidation of a 
parent ROG occurs the concentrations of any products are proportional to the amount of ROG that 
is oxidized. The AMF is then calculated as the summed effects of gas-to-particle partitioning of 
individual semivolatile products, ascribing to each product i the parameters α i  and K i  (m3/μg), 
which are the mass yield and the gas-to-particle partitioning coefficient. By assuming that SOA 
formation is attributable to one or two hypothetical products (called one- or two-product models), 
AMF curves as a function of SOA concentration have been fit (i.e., resulting in fits for α 1 , K 1 , α 2 , 
K 2 ) using the Odum et al. model for various ROGs, including d-limonene (Leungsakul et al., 2005a, 
Northcross and Jang, 2007, Chen and Hopke, 2010) and α-pinene (Hoffmann et al., 1997, Griffin 
et al., 1999, Cocker Iii et al., 2001, Ng et al., 2006, Na et al., 2007, Shilling et al., 2008).  
 The AMF framework has also been modified of late and recast into the ‘volatility basis set’ 
(VBS) formulation. Rather than allowing α i  and K i  parameters to both vary in the fits, as with the 
one- or two-product models, the VBS constrains c i * at logarithmic intervals (e.g. from 0.1 to 1,000 
μg/m3) and fits α i  only, resulting in more robust fits and AMFs meaningful at lower SOA concen-
trations (Presto and Donahue, 2006, Zhang et al., 2006), as compared to the one- or two-product 
models. The VBS is also useful because it is a unified framework that can account for dilution or 
temperature changes on SOA formation and organic aerosol behavior generally (Donahue et al., 
2006). 
As will be discussed in Chapter 2, studies have quantified the impacts of temperature 
(Pathak et al., 2008, Warren et al., 2009), relative humidity (Seinfeld et al. 2001, Jonsson et al. 
2006, Cocker Iii et al. 2001, Bonn et al. 2002, Berndt et al. 2003,Warscheid and Hoffmann 2001), 
nitrogen oxides (Presto et al. 2005, Njgaard et al. 2006) and hydroxyl radical scavenging (Jenkin 
2004, Jonsson et al. 2008, Chen and Hopke 2009b) on particle formation. However, much work 
remains to determine the effects of air exchange rates on indoor SOA formation.  
4 
 
The air exchange rate (AER) is a measure of how quickly the indoor air is replaced by 
outdoor air in a space. For instance, an AER = 2 h-1 means that over one hour the air inside that 
space is exchanged two times with outdoor air. The AER can span a wide range in different types 
of buildings; for instance, U.S. residences typically have AERs of ~0.2 to 1.5 h-1 (Murray and 
Burmaster, 1995) and offices of ~0.3 to 4.1 h-1 (Turk et al. 1987). The AER is the inverse of the 
residence time of the air in the building, so as the AER increases the products of indoor chemistry 
tend to decrease (Weschler and Shields, 2000). Conventionally, most AMF experiments are carried 
out in static smog chambers, where there is no air exchange (see references above), though a few 
studies on steady state AMFs were done in dynamic chambers at fixed AERs (Destaillats et al., 
2006, Shilling et al., 2008, Chen and Hopke, 2009b, Chen and Hopke, 2009a, Chen and Hopke, 
2010). 
Currently, there is no available data in the literature that rigorously evaluates the impact of 
the AER on the AMF or on the aerosol size distribution evolution, though both may be affected 
by the AER.  Generally, increased AER reduces the time over which later generation reactions may 
occur with either ozone or hydroxyl radicals (OH) formed during the terpene ozonolysis process, 
which would serve to reduce the overall volatility distribution (Kroll and Seinfeld, 2008). Also, the 
continuous removal of formed aerosols from the chamber leaves less particle volume into which 
condensable gas phase compounds can partition, which may promote nucleation in certain settings. 
Furthermore, as the AER increases, the mass transfer layer near to surfaces thins, which causes 
higher surface loss rates for aerosols and oxidants (Sabersky et al., 1973) and may change the in-
terplay of size-resolved loss and formation mechanisms. Weschler and Shields (2003) studied SOA 
formation from d-limonene and ozone reaction in a ventilated office with fixed source strengths, 
and they found that as the AER decreased both SOA mass and number concentrations increased 
and the size distribution shifted towards larger aerosol modes.  
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Therefore, this work experimentally evaluates the influence of changing AERs on those 
outcomes for transient SOA indoor formation that occurs for the ozonolysis of limonene and α-
pinene when those terpenes are pulse emitted by dynamic consumer product usage indoors over 
short durations rather than continuously. Though the pulse indoor applications of sources of ter-
penes such as air fresheners, cleaners and vegetable oils are dominant indoor terpene emission 
pathways (Nazaroff and Weschler, 2004), this study of transient formation is the first of its kind in 
the literature and adds further depth to the current batch or steady state studies available. Further-
more, the studies herein are conducted in both ozone-limiting and -excess conditions, to account 
for the fact that terpenes are often at higher concentrations indoors than ozone, opposite to the 
situation occurring outdoors and in most previously conducted batch AMF experimental work. This 
distinction is especially important for limonene, which has two unsaturated carbon-carbon double 
bonds and rich secondary chemistry potential. 
1.2 Research Objectives 
The overarching primary objective of this work was to expand the knowledge on transient 
SOA formation indoors with specific focus on the effect of the air exchange rate (AER). The spe-
cific objectives were to: 
Objective 1. To develop a model framework to describe indoor SOA mass formation 
from transient terpenoid ozonolysis with varying AMFs indoors. Prior to this work, the AMF 
has been treated as constant within indoor mass balance predictive models (Pandis et al., 1992, 
Pandis et al., 1993), though it is a function of the available aerosol mass and will vary indoors 
within dynamic settings. The developed framework was evaluated against experimental data in the 
literature.    
Objective 2. To determine the dependence of the AMF on the (i) AER and (ii) initial 
reactant concentrations for limonene ozonolysis. Limonene is the most prevalent indoor terpene 
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due to its use in many consumer products; it also has extremely large SOA formation potential that 
may vary depending on whether there are ozone-limiting or -excess conditions. Therefore, a series 
of 18 experiments was conducted to explore the impacts of the AER and initial reactant concentra-
tions on AMFs from transient limonene ozonolysis; those AMFs were quantified and parameterized 
using the framework developed in Objective 1.  
Objective 3. To determine the dependence of the AMF on the (i) AER and (ii) initial 
reactant concentrations for α-pinene ozonolysis. Following behind limonene, α-pinene is the 
second most measured indoor terpene due to its use in consumer products. Monoterpenes are all 
isomeric combinations of two isoprene units, so it has the same chemical formula as d-limonene 
but different structure.  However, α-pinene has one double bond, rather than two as with limonene; 
so the AER and secondary chemistry may have less impact. Therefore, a series of 19 experiments 
were conducted to explore α-pinene ozonolysis using the framework developed in Objective 1.  
Formation trends for the two terpenes were also compared herein. 
Objective 4. To develop a model to understand the impact of the AER on the SOA size 
distribution evolution indoors. Different processes including nucleation, partitioning, coagula-
tion, and deposition affect the size distribution of formed SOA. In Objective 4, I developed a model 
to predict the size-distribution evolution of SOA resulted from the reaction of ozone with terpenes. 
The model considers influential mechanisms affecting the evolution of the aerosol size distribution 
and I used the data obtained in Objective 2 to evaluate the model. 
1.3 Dissertation Organization 
 This dissertation consists of two major parts. The first part is a literature review and an 
executive summary for each of the four objectives. The second part includes Appendices A–C and 
are the full texts of journal papers that describe each research objective as follow: 
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• Youssefi, S., Waring, M.S. (2012). Predicting secondary organic aerosol formation from 
terpenoid ozonolysis with varying yields in indoor environments. Indoor Air 22, 415-426. 
• Youssefi, S., Waring, M.S. (2014). Transient secondary organic aerosol formation from 
limonene ozonolysis in indoor environments: Impacts of air exchange rates and initial con-
centration ratios. Environmental Science and Technology 48, 7899–7908. 
• Youssefi, S., Waring, M.S. (2015). Indoor transient SOA formation from ozone + α-pinene 
reactions: Impacts of air exchange and initial product concentrations, and comparison to 
limonene ozonolysis. Accepted at Atmospheric Environment. 
The work in Objective 4 has not been published or submitted as a journal paper at this point, so in 
this dissertation, it is instead presented as a full chapter. It will be submitted in the future as: 
• Youssefi, S., Waring, M.S. (2015). Evolution of secondary organic aerosol size distribu-
tion: relative importance of partitioning, coagulation, deposition and ventilation. To be 
submitted to Environmental Science and Technology. 
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Chapter 2: Literature review 
 
This chapter provides a review of literature relevant to this project. It is divided into seven 
sections: (1) Ozone, (2) Monoterpenes, (3) Terpene ozonolysis chemistry, (4) Parameterizing SOA 
formation, (5) Effects of environmental and chemical factors on SOA formation, (6) Experimental 
chambers to quantify the AMF, and (7) Particle size distribution presentation and modeling.   
2.1 Ozone 
Ozone (O 3 ) is generated in the stratosphere from the photolysis of oxygen. In the tropo-
sphere, reactions of nitrogen oxides (NO x) and hydrocarbons with sunlight generate ozone accord-
ing to a diurnal cycle. Ozone is a powerful oxidizer, and the U.S. Environmental Protection Agency 
(EPA) categorizes it as a National Ambient Air Quality Standards (NAAQS) criteria air pollutant. 
Exposure to ozone can result in adverse health effects, including increased rates in hospitalization, 
and numerous studies have investigated the relation between outdoor ozone concentrations and 
mortality (Hoek et al., 1997, Goldberg et al., 2001, Jerrett et al., 2009). Research has estimated that 
43–76% of daily ozone mass uptake occurs in indoor environments (Weschler, 2006).  
The indoor concentration of ozone depends predominantly on outdoor-to-indoor transport, 
and it is typically at indoor-to-outdoor ratios (I/O) of 0.2 to 0.7 (Weschler, 2000). The average 
outdoor ozone concentration is ~25 ppb (EPA monitoring sites, 2012) and it can be as high as 130 
ppb (EPA monitoring sites, 2012). Therefore, by using the reported indoor-to-outdoor ratios of 
Weschler (2000), typical indoor concentrations of ozone range from ~5 to 90 ppb. In addition to 
atmospheric ozone, some indoor appliances also contribute to the ozone concentration indoors. 
Printers, photocopiers and ion generators also emit ozone indoors, though these sources typically 
impact indoor concentrations much less than outdoor-to-indoor transport (Zhao et al., 2005, 
Destaillats et al., 2008, Waring et al., 2008). The ultimate ozone I/O due is influenced by factors 
such as the presence of any indoor sources, the AER (Walker and Sherman, 2013), the penetration 
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of ozone through the building envelope (Stephens et al., 2012), and ozone gas or surface phase 
reactions. 
The AER serves both as a source mechanism of outdoor ozone and a loss mechanism of 
any indoor ozone. For the source due to outdoors, ozone may pass through the ventilation system 
in a commercial building (Zhao et al., 2007) or may infiltrate through the building envelope 
(Stephens et al., 2012). Studies on mechanical air handling systems have suggested that ventilation 
filters can remove ozone with single pass efficiencies of up to ~0.1, but closer to 0.02 in field 
settings with single-stage filters (Hyttinen et al., 2003, Zhao et al., 2007). Loss of ozone as it passes 
through the building envelope is more substantial and is parameterized in the literature by penetra-
tion values, which is one minus the loss efficiency. Predicted envelope penetrations range from 0.9 
to much lower (Liu and Nazaroff, 2001), and measured values range from 0.62 to 1.02, with a mean 
of 0.79 (Stephens et al., 2012). 
Heterogeneous surface reactions and gas-phase reactions are mechanisms that consume 
ozone inside buildings and keep I/O ratios well below unity in most cases. Except in rare cases with 
very high alkene concentrations indoors, the major ozone loss mechanism is surface removal 
(Sabersky et al., 1973). This loss dominates air exchange losses also; for instance, in American 
residences, the median air exchange rate is 0.53 h-1 (Murray and Burmaster, 1995), while a typical 
mean value of the ozone surface loss rate is 2.8 h-1 (Lee et al., 1999). The ozone deposition rate to 
a surface depends on the rate of ozone transfer to that surface and also the surface reactivity with 
ozone (Cano-Ruiz et al., 1993, Reiss et al., 1994). Ozone reactions with building surfaces generate 
secondary emissions of volatile organic compounds (VOCs) into the indoor air. The yields of such 
reactions can be high enough to influence pollutant loadings indoors (Reiss et al., 1995, Wang and 
Morrison, 2006). In the gas-phase, ozone may react with a carbon-carbon double bond of alkenes 
(Kroll and Seinfeld, 2008), and this alkene ozonolysis reaction mechanism is discussed in Section 
2.3. 
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2.2 Monoterpenes 
Eleven percent of annual volatile organic compound (VOC) emissions are monoterpenes 
(Guenther et al., 1995). Monoterpenes are alkenes that belong to the family of terpenes, which are 
categorized as biogenic volatile organic compounds and are produced mainly by various plants, 
particularly conifers (Hoffmann et al., 1997; Lee et al., 2006). For instance, the scents of lemon, 
pine, and camphor are due to monoterpenes. The building block of all terpenes is isoprene, C 5 H 8 
(see Figure 2-1), which itself accounts for 44% of global biogenic VOC emissions (Guenther et al., 
1995). Isoprene units can join together linearly or they can arrange to form rings. Monoterpenes 
consist of isomeric combinations of two isoprene units, and therefore all have the molecular for-
mula of C 10 H 16 .   
 
 
 
 
Figure 2-1. Chemical structures for isoprene (C 5 H 8 ) and the monoterpenes (C 10 H 16 ) d-limonene, 
α-pinene, and α-terpinene. 
 
 
 
While atmospheric monoterpene emissions are less than of isoprene, their influence over 
the tropospheric chemistry and aerosol formation is stronger (Sakulyanontvittaya et al., 2008). This 
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large influence is due to the high reactivity of terpenes and because of the formation of more prod-
ucts with low volatility during terpene oxidation. Indoors, primary emissions of monoterpenes are 
from building materials, since those made of natural or engineered wood emit monoterpenes, such 
as d-limonene and α-pinene (Saarela, 2007). However, the largest indoor monoterpene source is 
due to consumer products usage, including air fresheners, cleaners, fragrances, perfumes and co-
lognes (Wallace et al., 1991, Weschler and Shields, 1996, Singer et al., 2006a, Corsi et al., 2007).  
Indoors, d-limonene, α-pinene, and α-terpinene are important members in the monoterpene 
family (Figure 2-1), and they are the most common indoors (Brown et al., 1994). For instance, d-
limonene and α-pinene typically have time-averaged concentrations of 6 to 53 ppb indoors (Singer 
et al., 2006a) and can reach peak concentrations of 175 ppb during short term consumer product 
use (Wainman et al., 2000). Since terpenes have unsaturated carbon-carbon bonds, they undergo 
reactions with oxidants such as ozone or the hydroxyl radical (OH), and these reactions occur fast 
enough to compete with air exchange loss (Weschler and Shields, 1996) and can thus impact indoor 
product formation (Waring and Wells, 2014). The reaction rate constant of d-limonene, α-pinene, 
and α-terpinene with ozone is 0.018, 0.0076 and 0.756 ppb-1 h-1 at 25 °C, respectively. 
2.3 Terpene ozonolysis chemistry  
As noted earlier, when ozone reacts with terpenes, it attacks an unsaturated carbon-carbon 
bond, of which all monoterpenes have one or two depending on their particular isomeric combina-
tion, and the reaction process follows the so-called Criegee mechanism (Criegee, 1975), which is 
shown schematically in Figure 2-2 for any alkene.  The addition of ozone to this double bond leads 
to the formation of a primary ozonide that cleaves to form an energy-rich excited Criegee interme-
diate (CI*) and a carbonyl.  These CIs* can then react and proceed down one of two major chemical 
channels. 
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Figure 2-2. Schematic of the Criegee mechanism for alkene ozonolysis (figure from Kroll and 
Seinfeld, 2008). 
 
 
 
For the first pathway, the CI* can proceed down the “SCI channel” and be quenched to 
form stabilized Criegee intermediate biradicals (SCI) that react further to form various organic 
compounds such as carbonyls, dicarbonyls, carboxylic acids, and oxocarboxylic acids (Kroll and 
Seinfeld, 2008). Some of these products have low enough vapor pressures to partition meaningfully 
between gas and condensed aerosol phases, which effectively results in SOA formation. This path-
way often involves CO 2 elimination (Herron and Huie, 1977). SCIs can also react with common 
gas-phase molecules such as water vapor and form hyrdoperoxides and organic acids. Also, they 
can undergo a unimolecular reaction with the terminal carbonyl moiety to form a secondary ozo-
noide (Aschmann et al., 2003, Chuong et al., 2004). For the second reaction pathway, the CI* can 
proceed down the “hydroperoxide channel” and decompose to form a hydroxyl radical, OH 
(Gutbrod et al., 1996), which is a strong oxidant (Atkinson et al., 1992, Atkinson and Aschmann, 
1993, Aschmann et al., 2002), as well as alkyl radicals (R). Both pathways include rearrangement 
and eventual organic peroxy radical (RO 2) chemistry, leading to many products with either 9 or 
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10 carbon atoms and oxygenated functional groups with low product volatility and increased SOA 
formation (Kroll and Seinfeld, 2008).  
When ozone reacts with d-limonene specifically, it attacks one of its two C=C double 
bonds, either the internal ring endocyclic or the external ring exocyclic double bond. However, 
ozone attacks the endo- double bond at a rate this is a factor of 10–50 faster than the exo-double 
bond (Zhang et al., 2006), and at low NO x conditions, this exo-bond attack occurs in the aerosol 
phase (Zhang et al., 2006). For trisubstituted alkenes like d-limonene, the hydroperoxide channel 
is thought to be dominant because of observed large OH radical yields (Kroll et al., 2001), with a 
lesser contribution of products from the SCI channel (Kroll et al., 2002). Studies have determined 
the products of d-limonene oxidation (Grosjean et al., 1992, Grosjean et al., 1993, Glasius et al., 
2000, Leungsakul et al., 2005a, Leungsakul et al., 2005b), and these products include limononalde-
hyde, keto-limonene, limononic acid, limonalic acid and limonic acid (Leungsakul et al., 2005b). 
When ozone reacts with α-pinene, it attacks its one endocyclic unsaturated double bond; 
products resulting from this reaction include pinonic acid, norpinonic acid and norpinonaldehyde 
(Yu et al., 1998, Jang and Kamens, 1999, Kamens et al., 1999), or pinic acid and other products 
including formaldehyde, hydroxyl radicals, hydroperoxy radicals, carbon monoxide, and carbon 
dioxide (Hatakeyama et al., 1989, Grosjean et al., 1993).  
SOA is generated due to the formation of the above products with low volatility, which 
generally include compounds such as carboxylic acids or hydroperoxides (Kroll and Seinfeld, 
2008). At the commencement of the reactions of ozone and terpenes when terpenes are introduced 
indoors due to pulse emissions, SOA formation due to self-nucleation may dominate. Yet, once 
enough nuclei have formed and enough particle volume is available for partitioning, gas-to-particle 
partitioning becomes the dominant process, and compounds sorb from the gas phase into existing 
particles (Fan et al., 2003). 
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At first, it was unknown whether adsorption or absorption controls the gas-particle phase 
partitioning. For years, due to the idea that much of the atmospheric particulate material was min-
eral of continental origin, an adsorption mechanism was used to explain gas-particle partitioning 
phase (Pankow, 1987), and the aerosol surface was assumed to have available sites and Langmuir 
adsorption isotherms were used. However, due to the presence of organic material in suspended 
particulate matter, absorption is now thought to play the most important role in SOA formation. 
The key concept underlying modern SOA treatment is that it is composed mostly of semivolatile 
organics (Pankow, 1994b, Odum et al., 1996), which have partitioned into the available organic 
volume. Previous treatment also assumed that vapor-phase products begin to condensate on avail-
able aerosols (or nucleate to create new aerosols) only after their concentration exceeds saturation 
level (Odum et al., 1996). However, Pankow (Pankow and Bidleman, 1992) suggested that even 
substances with concentrations below their saturation points would condense into the aerosol phase. 
2.4 Parameterizing SOA formation  
The accurate prediction of the SOA concentration produced is important to understand oc-
cupant exposure to this type of indoor pollution. SOA formation models can be categorized into 
two major classes. The first class consists of semi-explicit models that attempt to describe a large 
fraction of the complex chemistry of gas phase oxidation reactions and the following gas-particle 
partitioning stage of each individual product. Describing all of the chemical reactions minimally 
requires an understanding of reaction pathways and their reaction rate constants; describing the 
partitioning requires partitioning coefficients of each individual product, which itself requires 
knowledge of product vapor pressures and activity coefficients. For instance, Sarwar et al. (2003) 
developed a semi-explicit kinetic model to predict SOA formation for ozone/α-pinene reaction, 
using the proposed mechanism of Kamens et al (1999). To develop the kinetic mechanism, they 
categorized numerous reaction products into seven groups and modeled resulting simultaneous re-
actions, which was computationally intensive. Also, Carslaw (2007) developed a box-model to 
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study indoor air chemistry, which took into account 135 VOCs and their reactions with O 3 , OH, 
and NO 3  radicals. While these models are often reasonably accurate, the high amount of data and 
computational power they require hinders their use for many applications. 
The second class of aerosol formation models is much less complex and is better suited for 
prediction within simpler indoor and atmospheric models. This class uses the Aerosol Mass Frac-
tion (AMF) within a semi-empirical mechanism proposed by Odum et al. (1996). The AMF indi-
cates the strength of SOA formation for some amount of oxidized organic compound, and it is 
defined as is the ratio of the amount of SOA produced, ΔM 0 , to that of the reactive organic gas 
(ROG) reacted, ΔROG (Grosjean and Seinfeld, 1989, Pandis et al., 1992, Pandis et al., 1993): 
AMF = ∆𝑀𝑀0
∆ROG Eq.(2-1) 
The AMF is also conventionally known as the SOA yield. Generally, a chemical molar 
yield has a constant value, regardless of reactant concentrations, and is defined as the fraction of 
the moles of reactant becomes as a particular product. However, the AMF is variable even for a 
particular ROG, so in this work the AMF terminology is used rather than the SOA yield terminol-
ogy. To find an expression to parameterize the AMFs observed for a particular ROG oxidation, 
Odum et al. (1996) assumed that in a batch reactor system where oxidation of a single ROG takes 
place, the concentration of an individual product, C i , is proportional to the amount of ROG that 
reacts, such that: 
1000 𝛼𝛼𝑖𝑖∆ROG =  𝐶𝐶𝑖𝑖 Eq.(2-2) 
where α i  is the mass proportionality constant relating the amount of ROG that reacts to the amount 
of product i that is formed. The unit of ΔROG is μg/m3 while C i  uses the unit of ng/m3, so a factor 
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of 1000 is used in Eq. (2-2) for conversion purposes. The total concentration of product i is the sum 
of its concentrations in gas, A i , and particle, F i , phases: 
𝐶𝐶𝑖𝑖 = 𝐴𝐴𝑖𝑖 + 𝐹𝐹𝑖𝑖 Eq.(2-3) 
In this formulation, when the AMF is multiplied by the total mass of reacted compound, it 
expresses the mass concentration of aerosols formed: 
AMF(1000 𝑉𝑉𝑐𝑐∆ROG) = �(𝐹𝐹𝑖𝑖𝑉𝑉𝑐𝑐)
𝑖𝑖
 Eq.(2-4) 
where V c  is the volume of air in which the reactions occur. Assuming the absorptive mechanism 
for particle partitioning is dominant, Odum et al. (1996) defined a partitioning coefficient for spe-
cies i, K om , i  (m3/μg), in terms of the organic mass concentration: 
𝐾𝐾om,𝑖𝑖 = 𝐹𝐹om,𝑖𝑖𝐴𝐴𝑖𝑖𝑀𝑀0 Eq.(2-5) 
where, M 0  (μg/m3) is the absorbing organic mass concentration. By combining Eqs. (2-3) to (2-5), 
Odum et al. (1996) derived the AMF expression, which is Eq.(2-6): 
AMF = ∆𝑀𝑀0
∆ROG = 𝑀𝑀0�� 𝛼𝛼𝑖𝑖𝐾𝐾𝑜𝑜𝑜𝑜,𝑖𝑖1 + 𝐾𝐾𝑜𝑜𝑜𝑜,𝑖𝑖𝑀𝑀0�𝑖𝑖  Eq.(2-6) 
As shown in Eq.(2-6), SOA formation exhibits a range of AMFs that increase with the 
amount of SOA formed, which has been observed (Grosjean and Seinfeld, 1989, Pandis et al., 1992, 
Odum et al., 1996). As mentioned, the oxidation of a parent ROG produces numerous gaseous 
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products, of which some condense to form aerosols. However, to apply Eq.(2-6), researchers usu-
ally assume that the aerosol formation is due to one or two hypothetical products, called the “one-
product” or “two-product” model. When the two-product model is used, one product represents the 
average of lower volatility compounds and the other represents the average of the remaining, higher 
volatility compounds (Odum et al., 1996). Then, Eq.(2-6) is used to fit a curve to the experimental 
AMFs versus the formed SOA concentration (assuming it equals the M 0  term) for a particular ROG 
using four fitting parameters: α 1 , α 2 , K 1  and K 2. Studies have been undertaken to determine the 
two-product model parameters for SOA formed by ozonolysis of different terpenes, including for 
instance limonene (Leungsakul et al., 2005a, Coleman et al., 2008, Chen and Hopke, 2010) and α-
pinene (Hoffmann et al., 1997, Griffin et al., 1999, Ng et al., 2006).  
The one- or two-product AMF curves can thus be used to predict SOA formation over a 
range of organic aerosol concentrations; however, there are some limitations that may cause some 
inaccuracies at particular conditions. For instance, due to particle loss to the experimental chamber 
walls, SOA formation experiments have typically been conducted at elevated SOA concentrations 
and then results are extrapolated to low SOA concentrations. However, Pathak et al. (2007) ob-
served larger AMFs than predicted by the extrapolation of parameterization of Griffin et al. (1999) 
for data collected at high loading. Furthermore, the two-product form of Eq.(2-6) yields fitting 
parameters that are not orthogonal and can show high covariance after fitting, resulting in fits that 
are variable from study to study. For instance, for SOA formation from the ozonolysis of α-pinene, 
Yu et al. (1999) reported 0.262 and 0.062 for the proportionality constants (i.e., α 1  and α 2 ) while 
Griffin et al. (1999) reported 0.125 and 0.102. Therefore, while two-product model explains the 
AMF dependence on aerosol mass, it needs further modification.  
To constrain the excessive variability observed in the two-product model AMF parameters, 
the unified framework of the ‘volatility basis set’ (VBS) put forth by Donahue et al. (2006) was 
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integrated with the Odum et al. (1996) AMF expression. To start, Donahue et al. (2006) defined 
the partition coefficient of product i, ξ i , as below: 
𝜉𝜉𝑖𝑖 = �1 + 𝑐𝑐𝑖𝑖∗𝐶𝐶OA�−1 Eq.(2-7) 
where C OA (μg/m3) is the total mass of aerosol, and c i * (μg/m3) is the effective saturation concen-
tration of product i. Therefore, by replacing K i  = 1/c i * in Eq.(2-6), the AMF becomes: 
AMF =  �𝛼𝛼𝑖𝑖 �1 +  𝑐𝑐𝑖𝑖∗𝐶𝐶OA�−1𝑖𝑖  Eq.(2-8) 
Like the two-product model, in the VBS model in Eq.(2-8) the proportionality constants 
(i.e., α i ) are free parameters. However, the VBS constrains the effective saturation concentrations 
(i.e., c i *) at logarithmically spaced intervals, such as [0.01, 01, 1, 10, 100, 1000, 10000 μg/m3] or 
a smaller subset of those values (Donahue et al., 2006).  
The VBS has many advantages over the two-product model; it is systematic among re-
searchers and can explain partitioning compounds spanning many orders of magnitude of volatility 
with a small number of parameters. Experimental data can easily be added to the framework with-
out too much alteration unless the newly added data contains substantially different information 
(Presto and Donahue, 2006). Furthermore, the fitted parameters in the VBS model (i.e., α i) have 
no freedom to move in the volatility space and consequently are less covariant than the two-product 
model parameters. Due to the predefined volatility bins, the VBS model is applicable to a wide 
range of aerosol loadings, including those at low concentrations (Donahue et al. 2006), while the 
two product model has greater utility at high aerosol loadings. 
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SOAs are reported to have densities as low as 0.9 to 1.6 g/cm3, depending on the system. 
For instance, Malloy (2009) reported densities in the range of 1.2 to 1.4 g/cm3 for α-pinene 
ozonolysis. Howeve, to estimate particle mass loadings, researchers usually use unit density (i.e., 
1 g/cm3) to convert the volume loading into the mass loading so that there is a unified framework 
for reporting particle mass loadings and it is easy to take future particle densities into account. 
2.5 Effects of environmental and chemical factors on SOA formation 
2.5.1 Effect of temperature  
Due to the nature of the partitioning process, temperature has a dramatic effect on SOA 
formation (Pathak et al., 2008, Warren et al., 2009). As temperature increases, SOA formation 
decreases. Sheehan and Bowman (2001) estimated that a 10 °C temperature decrease could increase 
SOA formation by 20 to 150%. Stanier (2007) reported a reducing factor of 0.4 to 3.6% per °C in 
SOA formed from α-pinene ozonolysis when temperature increased from 20 to 37 °C. Also, Pathak 
et al. (2008) studied the temperature dependence of the AMF for β-pinene/ozone reactions in a 
laboratory chamber at three different initial concentrations of β-pinene. Reactions were done under 
dry conditions (<10% relative humidity), and NO x was less than 3 ppb in all experiments. The 
observed AMF was highly dependent on temperature: At high and moderate concentrations of β-
pinene, as temperature increases from 0 to 40 °C, the AMF decreased by a factor of 2–3 on average. 
At the lower concentration of β-pinene (around 8 ppb), the AMF showed only a moderate depend-
ence on temperature. Finally, Warren et al. (2009) examined temperature dependence of SOA for-
mation for ozonolysis of cyclohexene and α-pinene.  For the α-pinene system, SOA formed at 278 
K was a factor of 5 to 6 times greater than at 318 K. 
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The dependence of the AMF on temperature may be due to changes in partitioning equi-
librium or changes in the kinetics of secondary reactions that change distributions of the total prod-
uct suite volatilities. If it is due to the partitioning, then this negative effect of temperature on SOA 
formation can be explained by Clausius-Clapeyron relation, as follows: 
ln𝑃𝑃  = −∆𝐻𝐻𝑣𝑣
𝑅𝑅𝑅𝑅
+  𝐶𝐶 Eq.(2-9) 
In the above equation, P is vapor pressure, ΔH v  is enthalpy of vaporization (kJ/mol), R 
(kJ/mol K) is the gas constant, T is temperature (K), and C is a dimensionless constant, which 
depends on the compound. This equation predicts that as temperature increases, the vapor pressure 
increases exponentially and consequently the produced gaseous compounds will be more volatile, 
leading to less SOA formed. 
As mentioned earlier, SOA formation is a two-step process: the first step is the chemical 
reactions and formation of particle precursors, and the second step is the partitioning of those 
formed compounds into the aerosol phase. As temperature changes, either of these two steps can 
be affected and influence the AMF. To investigate which step plays a more important role, Pathak 
et al. (2008) did a series of experiments in which at first they measured the AMF for β-pinene/ 
ozone reactions at constant temperature of 20 °C; then, when the β-pinene ozonolysis was complete, 
the temperature was ramped by 15, 30 and 40 °C and the AMF was measured again. As temperature 
increased, the AMF decreased at a rate of 0.0013 °C-1. When other experiments were done at dif-
ferent temperatures between 15 to 40 °C, as temperature increased, the AMF decreased at the rate 
of 0.0014 °C-1, which is comparable to the rate of 0.0013 °C-1 in temperature ramping experiments. 
Their work suggests that the chemistry of product production does not change much with temper-
ature relative to the partitioning mechanism (Pathak et al., 2008).  
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2.5.2 Effect of humidity 
The increase in relative humidity (RH) is associated with an increase in the mass concen-
tration of formed SOA (Seinfeld et al., 2001, Jonsson et al., 2006). Seinfeld et al. (2001) examined 
effect of RH for the reaction of four monoterpenes and cyclohexene with ozone. The effect of RH 
was stronger for SOA produced from cyclohexene in comparison with monoterpene systems, likely 
because of a higher degree of oxidation in the products and also the more hydrophilic nature of the 
cyclohexene system. The authors also showed that the compounds that have the highest impact on 
organic and water masses in the SOA phase are those with intermediate vapor pressures, in com-
parison with highly volatile and non-volatile compounds. The number concentration of SOA is also 
reported to increase as RH increases in one study (Jonsson et al., 2006); however, most of the 
studies showed no effect or a decrease in the number concentration as RH increased (Cocker Iii et 
al., 2001, Bonn et al., 2002, Berndt et al., 2003). The discrepancy is due to the different experi-
mental conditions, such as the temperature and type of hydroxyl radical (OH) scavenger used (OH 
discussed below).  
One way that water influences SOA formation and growth is because the presence of water 
influences gas phase reactions as it will compete with other compounds and react preferentially 
with SCIs, prohibiting the formation of low volatility hydroperoxides that can form much SOA 
(Jonsson et al., 2006). Another way is that the aerosol water content can affect whether hydrophobic 
or hydrophilic compounds preferentially partition to the aerosol phase. Intuitively, the more hydro-
philic a compound, the more increasing the RH will favor its condensation into the SOA phase. RH 
driven changes in gas partitioning coefficient result from changes in both average molecular weight 
of the absorbing organic, MW om, and the overall organic matter activity coefficient, γ om  (Seinfeld 
et al., 2001), as shown in this equation for K om, which is a theoretical consideration of liquid ab-
sorption: 
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𝐾𝐾om = 7.501 ∙ 𝑅𝑅𝑅𝑅𝑅𝑅109 ∙ MWom𝑃𝑃𝛾𝛾om Eq.(2-10) 
where f is the fraction of organic particle mass. Thus, MW om and γ om both affect partitioning co-
efficient in the same direction; as they decrease, the partitioning coefficient increases.  
The molecular weight (MW) of water is low in comparison with organic compounds in the 
aerosol phase. While the water MW ≈18 amu, SOA phase organic compounds have MW on order 
of 100–300 amu. Therefore, when included in the calculation of the molecular weight of the ab-
sorbing mixture in the aerosol phase, water uptake decreases the overall MW and favors SOA for-
mation by increasing the partitioning coefficient. However, activity coefficients of gas phase prod-
ucts show complex trends when humidity changes. For instance, for ozonolysis of α-pinene, the 
activity coefficients remain within 1.6 and 1.8 over a range of RH of 10 to 100% (Seinfeld et al., 
2001). Also, as RH increases, activity coefficients of hydrophilic compounds such as hydroxy pi-
nonic acid and oxalic acid are expected to increase uniformly, yet the influence of RH on less 
hydrophilic compounds such as pinoic acid is uniformly negative and as the RH increases, the 
activity coefficient decreases. There are also compounds for which activity coefficient positively 
influenced SOA formation in some ranges of RH and negatively in others. Therefore, the contribu-
tion of the activity coefficient in SOA formation enhancement as a consequence of RH increase is 
more complex than the contribution from molecular weight.  
2.5.3 Effect of nitrogen oxides 
The term nitrogen oxides (NO x) refers to the combined concentration of nitric oxide (NO) 
and nitrogen dioxide (NO 2). In atmospheric chemistry, the presence of NO x is important for diur-
nal ozone production trends in the troposphere. NO x can also significantly influence the ROG ox-
idation mechanism and subsequent SOA formation. Besides the fact that NO scavenges ozone to 
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form NO 2  and reduces ozone reaction rates (Njgaard et al., 2006), there is often a reducing effect 
of NO x on the AMF itself, and terpene/ozone mechanisms that do not consider NO x can overpre-
dict the AMF. This AMF reduction occurs due to competitive alkyl peroxy radical (RO 2 ) chemis-
try: In the absence of NO x , RO 2  reacts with hydroperoxy radicals (HO 2 ) to form low volatility, 
SOA-forming hydroxperoxides. However, when NO x  is present, RO 2  preferentially reacts with 
NO to form alkoxy radicals (RO) or with NO 2  to form peroxynitrates, which have low volatility 
but short lifetimes due to dissociation (Presto et al., 2005, Kroll and Seinfeld, 2008). 
Impacts differ depending on the ROG oxidized. Presto et al. (2005) investigated effects of 
NO x  on the AMFs with experiments that involved α-pinene + O 3  + NO 2  or α-pinene + O 3  + NO x. 
VOC/NO x ratios varied over a wide range from <1 to >300, and the AMF increased as the ratio of 
VOC/NO x increased until the VOC/NO x reached 15 at which it ceased impacting the chemistry, 
due to less volatile products forming at higher VOC/NO x (Presto et al., 2005). Additionally, 
Nojgaard et al. (2006) reported that increasing the concentration of NO2  to 17 ppb in α-pi-
nene/ozone reactions halves the SOA concentration. In the reaction of limonene/ozone, 50 ppb of 
NO 2  was needed to halve the SOA concentration, so in comparison with α-pinene/ozone system, 
the limonene/ozone system is affected less by NO 2 presence (Njgaard et al., 2006). Nojgaard et al. 
pointed out that repeating the experiment with NO resulted in similar SOA formation to when NO 2  
was used. The reason was explained due to the fast conversion of NO to NO 2  (Njgaard et al., 2006). 
As long as the concentration of NO x was constant, changing the ratio of NO 2 /NO did not affect 
SOA formation.  
Also Zhang et al. (2006) studied limonene ozonolysis in the presence of NOx and in both 
ozone excess and ozone limiting conditions. They discussed that NO x significantly effect SOA 
formation mechanism: At low concentration of NO x, the exo double bond is oxidized heterogene-
ously and in the aerosol phase. However, at high NO x conditions the exo double bond is oxidized 
homogeneously and in the gas phase.  
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2.5.4 Effect of hydroxyl radical on SOA formation 
The hydroxyl radical (OH) is a strong oxidant and plays an important role in atmospheric 
chemistry as well as indoor chemistry (Weschler and Shields, 1997, Sarwar et al., 2002). In the 
terpene ozonolysis mechanism (Figure 2-2), the hydroperoxide channel results in the production of 
OH. However, the formation of OH may not solely be from excited intermediate decomposition, 
as there is strong evidence that stabilized intermediates can also decompose to give OH within the 
SCI channel (Kroll et al., 2001, Presto and Donahue, 2004). The OH radical can induce chemical 
degradation by reactions with the original precursor molecule and/or the products, the reactions of 
which are much faster than those with ozone. Hence, OH reactions are responsible for the many of 
the subsequent reactions ozone/terpene systems.  
To reduce the effect of OH radicals and isolate oxidation due to ozone, many researchers 
use butanol or cyclohexane to scavenge formed OH from the experimental system. The gas-phase 
chemistry without and with a scavenger may be different. Jonsson et al (2008) investigated the 
effect of OH scavenger on SOA formation in low loadings (up to 3 μg/m3) in a flow reactor, and 
they found out that α-pinene and d-limonene have higher SOA formation when no scavenger is 
available. However, Shilling et al. (2008) compared AMFs due to α-pinene ozonolysis at SOA 
concentrations ranging from ~0.15 μg/m3 to in the 100s of μg/m3 from experiments in 11 different 
studies, and they found no difference when OH was present or scavenged from the system.  
Chen and Hopke (2009a) investigated α-pinene ozonolysis in the absence of any OH scav-
enger, and they determined particle-bound reactive oxygen species (ROS) including peroxides, 
peroxy radicals, and ions quantitatively. In ozone limiting experiments, they found a negative cor-
relation between ROS intensity and OH concentrations since OH reacts strongly with α-pinene. 
However, for the α-pinene limited cases, a positive correlation was found since ozone dominated 
the α-pinene reactions. 
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2.6 Experimental chambers to quantify the AMF  
Besides the environmental or chemical factors discussed above, another potential differ-
ence between the AMF experimental condition and indoor settings, which may affect the AMF 
values, is the air exchange rate, AER (h-1), which is the flow rate (m3/h) through a volume divided 
by the volume itself (m3). Atmospheric researchers predominately conduct SOA formation experi-
ments in batch chamber systems without any air exchange (Odum et al., 1996), in which organic 
precursors and oxidants are introduced to a smog chamber and there is not any outflow. After the 
reactions have reached completion, the batch AMF is calculated as the ratio of the total amount of 
produced SOA (accounting for any wall losses) and amount of parent ROG oxidized. However, 
indoor settings always have air exchange, either due to infiltration and natural or mechanical ven-
tilation. The AER can span a wide range in different types of buildings; for instance, U.S. residences 
typically have AERs of ~0.2 to 1.5 h-1 and offices of ~0.50 to 6.0 h-1.   
A few AMF studies have been carried out in dynamic, rather than batch, chambers. In a 
dynamic chamber, there is a continuous flow of air through the reactor, and oxidative reactions, 
wall losses, and losses by the outflow contribute to the observed changes in SOA and parent ROG 
concentrations. While numerous studies have been done to parameterize the AMF in batch experi-
ments, only a few studies have been performed in continuous flow chambers, and they all have 
targeted the steady state AMF. In such studies, reactants are continuously injected to the chamber 
and after a certain time, which may last several days, the steady state condition is achieved. At 
steady state, concentrations of the reactants and produced aerosols are constant and the AMF is 
estimated as the ratio of the rates of formed SOA and ROG lost.  
Regarding steady state AMF experiments, Shilling et al. (2008) studied α-pinene ozonoly-
sis at low SOA loadings (0.15 to 33 μg m−3) in a dynamic chamber with 1-butanol as the OH scav-
enger. Their experimental approach was similar to that of batch AMF experiments of Pathak et al. 
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(2008) from the point of views of temperature, RH, OH scavenger, and concentrations, except Shil-
ling et al. (2008) measured steady state AMFs in a dynamic chamber with an AER = 0.3 h-1. Shilling 
et al. (2008) observed significant SOA production at low levels of reacted α-pinene and discussed 
how at low SOA concentrations, oligomers or highly oxygenated material with low volatility are 
key SOA components. Their steady state AMFs were considerably higher than those batch AMFs 
reported by Pathak et al. (Pathak et al., 2008). Shilling et al. (2008) investigated several possible 
artifacts and sources of error that could reasonably influence AMF values, but could not draw any 
conclusions. However, they did not investigate the AER.  
Chen and Hopke (2009a) conducted a series of steady state AMF experiments for α-pinene, 
limonene, and linalool ozonolysis in a dynamic chamber with AER = 0.67 h-1, no OH scavenger, 
and low RH. They calculated steady state AMFs with measured filter mass concentrations, so their 
AMFs are for actual, not unit, densities. Their α-pinene ozonolysis AMFs ranged from 0.17 to 0.25 
over an SOA concentration range of 4.1 to 36 μg/m3 (Chen and Hopke, 2009a) and were similar to 
those measured by Yu et al. (1999). Their limonene ozonolysis AMFs ranged from 0.47 to 0.69 
over an SOA range of 35 to 92 μg/m3 and were less than those measured by Zhang et al. (2006) for 
fully oxidized limonene over the same SOA range. Finally, their linalool ozonolysis AMFs ranged 
from 0.003 to 0.015 for SOA concentrations less than 5 μg/m3, which is smaller than AMFs of 0.04 
to 0.06 measured by Destaillats et al. (2006) or 0.078 measured by Hoffmann et al. (1997), though 
those studies measured AMFs at higher SOA loadings. 
While the studies done in continuous flow chambers do represent indoor environmental 
conditions better than batch chamber experiments, they all targeted steady state AMFs in which 
reactants were constantly replenished. However, much indoor SOA formation is due to the appli-
cation or short term use of consumer products such as air fresheners, cleaners, etc. (Nazaroff and 
Weschler, 2004); therefore, the indoor terpene emissions are much closer to a mathematical para-
digm of a pulse emission, and the resulting SOA formation is of a transient nature over short 
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durations, rather than over days or weeks as in steady state experiments. The objective of the work 
in this dissertation is to fill the identified gaps in the literature and to quantify transient AMFs, 
which occur as a result of pulse injection of reactants in a ventilated chamber, for α-pinene and 
limonene ozonolysis, over a range of indoor relevant AERs and ozone/terpene ratios.  
2.7 Particle size distribution presentation and modeling  
Studying the impact of the AER on the evolution of the SOA size distribution is another 
objective of this study. The evolution of the SOA size distribution is a complex process, and mech-
anisms including nucleation, coagulation, and deposition can affect its outcome. While many stud-
ies have been performed regarding the prediction of aerosol mass formation and its growth, no 
research has explored the dynamics of the indoor SOA size distribution evolution. Some studies 
have examined dynamics of indoor size distributions more generally: Nazaroff and Cass (1989) 
modeled dynamics of particle size distribution evolution as well as the fate of chemical constituents 
by applying a multicomponent approach, accounting for ventilation, deposition, and coagulation 
mechanisms. Rim et al. (Rim et al., 2012) modeled ultrafine particle (i.e., < 100 nm) growth and 
size evolution resulting from releases of particles and validated their model with experiments in a 
test building. These authors found that coagulation played an important role in the growth of size 
distributions when the emission source is in the ultrafine range.   
To understand the impact of the AER and account for the SOA size distribution evolution, 
it is important to understand the different relevant mechanisms influencing the outcome. In this 
section, a short background on aerosol size distributions is given and the relevant mechanisms that 
influence the aerosol size and number are discussed.  
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2.7.1 Introduction to an aerosol size distribution    
Aerosol fate, transport, and other behaviors depend strongly on the particle diameter; and 
particles may range from a few nanometers to tens of micrometers (Nazaroff and Weschler, 2004). 
Usually aerosols are assumed spherical and shape effects are neglected, though a theoretical frame-
work exists for accounting for non-spherical particles (Kang et al., 1998, Li and Wilkinson, 2005, 
Mingzhong et al., 2005, Tritscher et al., 2011, Zhao and Li, 2013). The spherical assumption is 
particularly strong for SOA particles since they are formed due to condensation effects.  
An aerosol size distribution describes the number of particles over a span of diameters. A 
complete description of the number of every size diameter of particles is not practical, so we divide 
the particle size range into discrete intervals called bins and an associated number of particles in 
each bin is calculated. For example, a histogram of number concentration in each bin for a discrete 
point in time is shown in Figure 2-3, which is from Experiment 5 (E5) in Objective 2. 
 
Figure 2-3. Histogram of particle numbers vs. particle diameter bins. Total number of particles is 
3865 #/cm3 from limonene ozonolysis Experiment 5 (E5) for the peak size distribution. 
 
 
 
The height of any interval in the histogram depends on the width of that bin, which makes 
the arbitrary choice of bin width influential on the outcome. To correct for this, we normalize the 
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histogram by the bin width itself. Therefore, the aerosol distribution at time t, n i (t), for a size 
interval i is the absolute aerosol concentration of this bin interval at time t, N i (t), divided by the 
size range Δd p . The normalized histogram is shown in Figure 2-4. 
 
 
 
 
Figure 2-4. Size distribution of particles for the histogram shown in Figure 2-3 
 
 
 
The aerosol concentration in any bin can then be calculated by: 
𝑁𝑁𝑖𝑖(𝑡𝑡) = 𝑛𝑛𝑖𝑖(𝑡𝑡)∆𝑑𝑑p Eq.(2-11) 
To maintain all information, one can use smaller and smaller size bins. Consequently, Δd p  
becomes very small and finally equal to dd p . Then, the size distribution function, n N (d p ,t) dd p , is: 
the number of particles per cm3 of air having diameters in the range of d p  to d p+dd p . 
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The unit of n N (d p , t) is μm-1 cm-1 and then the total number of particles per cm3 at time t, 
N(t), is:   
𝑁𝑁(𝑡𝑡) = � 𝑛𝑛𝑁𝑁�𝑑𝑑p, 𝑡𝑡� d𝑑𝑑p∞
0
 Eq.(2-12) 
Therefore, particle number distribution is no longer a discrete function of the number of 
particles, but it is a continuous function of the diameter, d p . As mentioned earlier, particle diameters 
span over several order of magnitudes. Therefore, it is preferable to use logarithmic plots to repre-
sent particle distribution with the particle size on a logarithmic abscissa coordinate so that all in-
formation can be seen visually and the areas of different bins represent the actual amount of parti-
cles in that bin relative to the total number of all particles. Regardless of which coordinate system 
is used, the total number of particles N(t) must be the same, as follows: 
𝑁𝑁(𝑡𝑡) = � 𝑛𝑛𝑁𝑁�𝑑𝑑p, 𝑡𝑡� d𝑑𝑑p∞
0
= � 𝑛𝑛𝑁𝑁0 (log𝑑𝑑𝑃𝑃 , 𝑡𝑡) 𝑑𝑑 log𝑑𝑑𝑃𝑃∞
0
 Eq.(2-13) 
where no N (logd p , t) dd p , is the number of particles per cm3 of air having diameters in the range of 
logd p  to logd p  + d logd p . Therefore: 
𝑛𝑛𝑁𝑁�𝑑𝑑p, 𝑡𝑡� d𝑑𝑑p = 𝑛𝑛𝑁𝑁0 (log𝑑𝑑𝑃𝑃 , 𝑡𝑡) 𝑑𝑑 log𝑑𝑑𝑃𝑃 Eq.(2-14) 
Since d log d P  = d ln d P /2.303 = dd P /2.303 d P , to relate the logarithmic distribution to the linear 
distribution at ant time we can use the following equation: 
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𝑛𝑛𝑁𝑁
0 (log𝑑𝑑𝑃𝑃 , 𝑡𝑡) = 2.303 𝑑𝑑𝑝𝑝 𝑛𝑛𝑁𝑁�𝑑𝑑p, 𝑡𝑡� Eq.(2-15) 
Using the above equation, the normalized logarithmic distribution of Figure 2-4 is then: 
 
 Figure 2-5. Logarithmic distribution of particles of Figure 2-4. 
 
 
 
2.7.2 Mechanisms influencing the aerosol size distribution 
In the indoor environment, different mechanisms including nucleation, coagulation, depo-
sition, ventilation, and evaporation/condensation affect the SOA size distribution. These mecha-
nisms are described briefly in the following subsections. 
2.7.2.1 Nucleation 
Particle formation is the transport of molecules from the gas to the particle phase. The first 
step in SOA formation is the nucleation of the internal clusters of the particle phase, which may be 
defined as the first irreversible formation of nucleus of the new phase, where a nucleus or a cluster 
is a small ensemble of the molecules or atoms of the new phase (Seinfeld and Pandis, 1998). Vari-
ous forms of nucleation can happen: if only one type of molecule nucleates and forms the first 
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clusters, then the nucleation is homomolecular (Seinfeld and Pandis, 1998). However, if more than 
one species participates in nucleation, then it is hetromolecular (Seinfeld and Pandis, 1998). Also, 
if the nuclei form on the foreign substances and surfaces, it is called heterogeneous nucleation, and 
homogenous nucleation is the nucleation of vapor on embryos comprised of vapor molecules only 
(Seinfeld and Pandis, 1998).  
Nucleation has a central role in atmospheric processes and many particles outside of clouds 
are formed through nucleation. Therefore, there are many studies on atmospheric nucleation 
(Fangqun, 2003, Hegg and Baker, 2009, Gettelman et al., 2010, Zhang et al., 2012). However, only 
little work has been done on nucleation of organic aerosols indoors. For instance Bernard et al. 
(2012) designed a flow reactor to study the nucleation threshold in SOA formation as a result of 
monoterpenes ozonolysis.  
Classical nucleation theory (Volmer, 1929, Turnbull, 1950) is typically used to estimate 
homogeneous and heterogeneous nucleation rates. This theory assumes that nucleation is an iso-
thermal process and also that clusters grow and shrink via the acquisition or loss of single mole-
cules. Cluster-cluster events are so rare that can be ignored (Seinfeld and Pandis, 1998). By writing 
the mass balance equation for a cluster and estimating the competing condensation and evaporation 
rates, the rate of nucleation is:  
𝐽𝐽 = 𝑎𝑎1 𝑁𝑁12𝑆𝑆 � 𝑘𝑘𝑅𝑅2𝜋𝜋𝑚𝑚1�12 252 ( 1 + � �𝑆𝑆(�𝑖𝑖∗𝑘𝑘�13−1)𝑗𝑗𝑘𝑘=2
𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚−1
𝑗𝑗=2
)−1 Eq.(2-16) 
where J (#/m3s) is the nucleation rate; a 1  and m 1  are surface area (m2) and mass of a monomer 
(kg), respectively; N 1  (#/m3) is the number concentration of monomers with only one molecule; i* 
(-) is the critical size of monomers for nucleation; S (-) is the saturation ratio; T (K) is the temper-
ature; and k (J/K) is the Boltzmann’s constant. 
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2.7.2.2 Condensation/evaporation 
This mechanism occurs when vapor condenses on an existing particle population or when 
material evaporates from the aerosol to the gas phase, growing or shrinking particle diameters and 
causing the size distribution of the aerosol population to change. Assuming that the particles are 
not in equilibrium, if species j transfers from gas phase to the particle phase, the rate of the mass 
transfer process, dm/dt (kg/s), is as follows: 
dmd𝑡𝑡 = 2𝜋𝜋𝑑𝑑p𝐷𝐷𝑗𝑗𝑀𝑀𝑗𝑗𝑅𝑅𝑅𝑅 𝑅𝑅(Kn,∝)(𝑃𝑃𝑗𝑗 − 𝑃𝑃eq,𝑗𝑗) Eq.(2-17) 
where D j  (m2/s) is the diffusion coefficient for species j in air; M j  (kg/kmole) is its molecular 
weight; and f(Kn, α) is the correction due to non-continuum effects and imperfect surface accom-
modation. The difference between the vapor pressure of j far from the particle, P j , (Pa) and the 
equilibrium vapor pressure, P eq,j  (Pa) is the driving force for the transport of species j.  
The growth rate can also be written for the volume, v =πd p 3/6 (m3) which gives us: 
𝐼𝐼𝑣𝑣(𝑣𝑣) = 𝑑𝑑𝑣𝑣𝑑𝑑𝑡𝑡 = 2𝜋𝜋2/3(6𝑣𝑣)1/3 𝐷𝐷𝑗𝑗𝑀𝑀𝑗𝑗𝜌𝜌p𝑅𝑅𝑅𝑅  𝑅𝑅(Kn,∝)(𝑃𝑃𝑗𝑗 − 𝑃𝑃eq,𝑗𝑗) Eq.(2-18) 
Assuming a very small slice of distribution centered at v and writing the rate of the particles 
entering and leaving this slice gives us the condensation equation:  
𝜕𝜕𝑛𝑛(𝑣𝑣, 𝑡𝑡)
𝜕𝜕𝑡𝑡
=  − 𝜕𝜕
𝜕𝜕𝑣𝑣
[𝐼𝐼𝑣𝑣(𝑣𝑣, 𝑡𝑡) 𝑛𝑛(𝑣𝑣, 𝑡𝑡)] Eq.(2-19) 
This equation can be solved by the method of characteristics for partial differential equations 
(Seinfeld and Pandis, 1998).  
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2.7.2.3 Coagulation 
Coagulation is the collision of particles due to their motion that causes them to join together 
and form larger particles, resulting in a decrease in the number of particles and an increase in the 
particle size. Aerosol particles come into contact due to their Brownian motion or as a result of 
hydrodynamic, electrical, gravitational, or other forces. Brownian motion is random particle move-
ment caused by collisions with surrounding gas molecules and is an important mechanism for par-
ticle coagulation (Nazaroff, 2004). When coagulation results from the Brownian motion, the pro-
cess is called thermal coagulation (Seinfeld and Pandis, 1998). However, if coagulation is induced 
by external forces, such as gravity or electrical forces, the process is called kinetic coagulation 
(Seinfeld and Pandis, 1998). To describe changes in particle number and size, coagulation theory 
is used, which is complicated. A simplified form of coagulation theory is collision between mono-
disperse aerosol populations due to their Brownian motion, which I will use in my model in Objec-
tive 4 and will be described briefly. 
2.7.2.3.1 Coagulation rate between two monodisperse aerosol populations 
Assume that there are N 1  number of particles of radius R 1  and N 2  particles of radius R 2 . 
The steady state coagulation rate, J 12 , can be expressed as: 
𝐽𝐽12 = 𝐾𝐾12𝑁𝑁1𝑁𝑁2 Eq.(2-20) 
where the time to steady state is short at t << dp 2/πD; D is the Brownian diffusion coefficient for 
the particles; and K 12  is the coagulation coefficient and is: 
𝐾𝐾12 = 2𝜋𝜋 (𝑑𝑑p1 + 𝑑𝑑p2)(𝐷𝐷1 + 𝐷𝐷2)𝛽𝛽 Eq.(2-21) 
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where D 1  and D 2  are Brownian diffusion coefficients of particles with diameter d p1  and d p2 ; and 
β is a correction factor. In the continuum regime, β = 1, and in the transition and free molecular 
regimes, β can be from 0.014 to 1, depending on the particle size. In transition and free molecular 
regimes, the mean free path, λ p  (m), of the diffusing particle is comparable to the radius of the 
absorbing particle, so the diffusion equation cannot describe the motion of particles inside a layer 
of thickness λ p  adjacent  to an absorbing wall. This layer has an effect on the kinetics of coagulation. 
Fuchs (1964) suggested it can be corrected with a generalized coagulation coefficient. The contin-
uous coagulation equation is as follows: 
𝜕𝜕𝑛𝑛(𝑣𝑣, 𝑡𝑡)
𝜕𝜕𝑡𝑡
= 12� 𝐾𝐾(𝑣𝑣 − 𝑞𝑞, 𝑞𝑞) 𝑛𝑛(𝑣𝑣 − 𝑞𝑞, 𝑡𝑡)𝑛𝑛(𝑞𝑞, 𝑡𝑡)d𝑞𝑞𝑣𝑣−𝑣𝑣0𝑣𝑣0
− 𝑛𝑛(𝑣𝑣, 𝑡𝑡)� 𝐾𝐾(𝑞𝑞, 𝑡𝑡)𝑛𝑛(𝑞𝑞, 𝑡𝑡)d𝑞𝑞∞
𝑣𝑣0
 
Eq.(2-22) 
where the first term corresponds to the production of particles by coagulation of the appropriate 
combinations of smaller particles; and the second term corresponds to the decrease of the number 
of coagulating particles. As mentioned earlier, the coagulation coefficient, K, depends on Brownian 
motion, van der Waals and viscous forces, geometry and electrical charges. Depending on the con-
ditions, some of these driving forces can be neglected. The procedure to estimate coagulation co-
efficient is fully described in Jacobson (2005). 
2.7.3 Continuous general dynamic equation 
The general dynamic equation to describe the evolution of the particle size distribution, 
which includes all the described mechanisms, is as follows: 
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𝜕𝜕𝑛𝑛(𝑣𝑣, 𝑡𝑡)
𝜕𝜕𝑡𝑡
= 12� 𝐾𝐾(𝑣𝑣 − 𝑞𝑞, 𝑞𝑞) 𝑛𝑛(𝑣𝑣 − 𝑞𝑞, 𝑡𝑡)𝑛𝑛(𝑞𝑞, 𝑡𝑡)d𝑞𝑞𝑣𝑣−𝑣𝑣0𝑣𝑣0
− 𝑛𝑛(𝑣𝑣, 𝑡𝑡)� 𝐾𝐾(𝑞𝑞, 𝑡𝑡)𝑛𝑛(𝑞𝑞, 𝑡𝑡)d𝑞𝑞∞
𝑣𝑣0
−
𝜕𝜕
𝜕𝜕𝑣𝑣
[𝐼𝐼𝑣𝑣(𝑣𝑣, 𝑡𝑡) 𝑛𝑛(𝑣𝑣, 𝑡𝑡)]
+ 𝐽𝐽0(𝑣𝑣)𝛿𝛿(𝑣𝑣 − 𝑣𝑣0) + 𝑆𝑆(𝑣𝑣) − 𝑅𝑅(𝑣𝑣) 
Eq.(2-23) 
In the above equation, which is called the continuous general dynamic equation, the first 
two terms on the right side of the equation describe coagulation, the third term corresponds to 
condensation, the fourth term defines nucleation, the fifth term, S(v), is any source that produces 
particles such as cooking and reactions, and the last term, R(v), corresponds to particle sinks such 
as air exchange and deposition losses to the surfaces. The initial and boundary conditions of the 
equation are:  
𝑛𝑛(𝑣𝑣, 0) = 𝑛𝑛0(𝑣𝑣)  
𝑛𝑛(0, 𝑡𝑡) = 0 
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Chapter 3: Objective 1. To develop a model framework to describe in-
door SOA mass formation from transient terpenoid ozonolysis with var-
ying AMFs indoors 
 
Objective 1 is published as the following reference: Youssefi, S., Waring, M.S. (2012) ‘Pre-
dicting secondary organic aerosol formation from terpenoid ozonolysis with varying yields in in-
door environments,’ Indoor Air 22, 415-426. This paper is reproduced in Appendix A. This chapter 
summarizes the motivation, methodology, and results and discussion of that work. 
3.1 Motivation for Objective 1 
Predicting SOA formation accurately is an important aspect of understanding exposure to 
indoor aerosol pollution. Beside too extremely computationally expensive and explicit models in 
the indoor literature (Sarwar et al., 2003, Carslaw, 2007, Sarwar and Corsi, 2007), indoor models 
predict the SOA concentration with the source as the rate of SOA formation, which is the product 
of the AMF and rate of terpene ozonolysis:  
rate of SOA formation =  AMF ∙ 𝑘𝑘O3/terp𝐶𝐶O3𝐶𝐶terp𝛤𝛤terp Eq.(3-1) 
where k O3/terp  (ppb-1 h-1) is the reaction rate constant between ozone and the terpene; C O3 (ppb) and 
C terp  (ppb) are indoor concentrations of ozone and the terpene, respectively; and Г terp  is a conver-
sion factor to change from ppb to μg/m3 for terpenes, determined from the ideal gas law. However, 
these existing models have limited accuracy because they assumed a constant AMF that is unaf-
fected by the amount of organic particles in the air, which as discussed in the literature review is 
not appropriate. Incorporating varying AMFs into such models increases their predictive power, as 
well as provides a framework that is useful to evaluate the ‘transient AMF’ in ventilated settings in 
Objectives 2 and 3.   
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Objective 1 consisted of a brief review on available two-product model AMFs in the litera-
ture for ozonolysis of common indoor terpenoids; the development of two different model frame-
works to account for the ozonolysis of a single terpenoid and predict SOA formation with AMFs 
that vary as a function of available organic aerosols; the quantitative comparison of results of those 
models to published data; and then the use of those models within a Monte Carlo analysis to esti-
mate the distributions of AMFs and SOA concentration range in residential and commercial build-
ings. In the literature review in Chapter 2, there is a discussion of AMFs, so that portion of Objec-
tive 1 is not discussed in this summary. Also, for the sake of brevity, the Monte Carlo analysis is 
not discussed (see Appendix A for full treatment).  
3.2 Methodology for Objective 1 
Two SOA formation model frameworks, called SOA-M1 and SOA-M2, were developed 
to account for the ozonolysis of a single terpenoid in a dynamic environment. First, elements com-
mon to both models are introduced, then elements unique to each model are developed, and then 
finally the model validation efforts are discussed. 
In an indoor setting, it is a common practice to assume the building envelope as the control 
volume of a reactor, and then write constant mixed flow reactor (CMFR) mass balance equations 
for the reactants and products, which assume that air is well-mixed so the concentration of a com-
ponent is spatially identical over the entire reactor volume but can change with time. Assuming that 
reactions are limited to that of monoterpenes with ozone, the volume-normalized mass balances for 
ozone and the terpenoid are:  
d𝐶𝐶O3d𝑡𝑡 =  𝐶𝐶O3,o�𝜆𝜆𝑗𝑗𝑛𝑛
𝑗𝑗=1
− ��𝜆𝜆𝑗𝑗
𝑛𝑛
𝑗𝑗=1
+ 𝑘𝑘O3/terp𝐶𝐶terp + 𝛽𝛽O3�𝐶𝐶O3 Eq.(3-2) 
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d𝐶𝐶terpd𝑡𝑡 =  𝐶𝐶terp,o�𝜆𝜆𝑗𝑗𝑛𝑛
𝑗𝑗=1
+ 𝐸𝐸terp
𝑉𝑉𝛤𝛤terp
− ��𝜆𝜆𝑗𝑗
𝑛𝑛
𝑗𝑗=1
+ 𝑘𝑘O3/terp𝐶𝐶O3�𝐶𝐶terp Eq.(3-3) 
where t (h) is time; V (m3) is the indoor air volume; CO3,o (ppb) and C terp,o (ppb) the outdoor con-
centrations of ozone and the terpene, respectively; λ j  (h-1) is an air exchange rate, which can be due 
to infiltration or mechanical or natural ventilation; E terp  (μg/h) is indoor emission rate a terpene; 
and β O3 (h-1) is the surface loss rate of ozone. These mass balances account for sources due to air 
exchange and emissions of a terpene inside the building, and losses due to air exchange, surface 
deposition of ozone, as well as homogenous gas phase reactions.  
3.2.1 Modeling SOA formation with SOA-M1 
The first SOA formation model, SOA-M1, uses a standard volume-normalized mass bal-
ance for C SOA: 
d𝐶𝐶SOAd𝑡𝑡 =  AMF ∙ 𝑘𝑘O3/terp𝐶𝐶O3𝐶𝐶ROG𝛤𝛤ROG − ��𝜆𝜆𝑗𝑗𝑛𝑛
𝑗𝑗=1
+ 𝛽𝛽SOA�𝐶𝐶SOA Eq.(3-4) 
where C SOA (μg/m3) is the SOA concentration being determined; β SOA (h-1) is the deposition rate 
of SOA, which can account for losses to surfaces or mechanical filters; and the AMF term changes 
with the organic aerosol concentration according to the two-product model formulation: 
 
AMF = ∆𝐶𝐶SOA
∆ROG = 𝐶𝐶SOA � 𝛼𝛼1𝐾𝐾11 + (𝐶𝐶SOA + 𝐶𝐶Mb)𝐾𝐾1 + 𝛼𝛼2𝐾𝐾21 + (𝐶𝐶SOA + 𝐶𝐶Mb)𝐾𝐾2� Eq.(3-5) 
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where C Mb  (μg/m3) is a term that accounts for any type of background organic aerosol present 
besides formed SOA. The rightmost side of Eq.(3-5) is the two-product form of the incremental 
increase in SOA mass per some decrease in the terpene mass. SOA-M1 directly substitutes that 
term for the AMF in Eq.(3-4), and then Eq.(3-2) to Eq.(3-4), as well as one for CMb  (not shown), 
may be solved simultaneously using a Runga-Kutta order 4 (RK4) numerical solution.  
3.2.2 Modeling SOA formation with SOA-M2 
SOA-M2 takes a different approach than SOA-M1; rather than tracking C SOA with time, 
SOA-M2 tracks the change in the concentration of products owing to terpenoid ozonolysis indoors. 
It assumes that ozone and terpenoid react to form a hypothetical product, C dROG  (μg/m3), which has 
the same molecular weight as the parent terpenoid. C dROG  physically represents a lumped concen-
tration of all products of the oxidized terpenoid that remains indoors at a particular instant in time, 
and this C dROG  is used to predict the C SOA. That is, some of the C dROG  will exist in the particle 
phase as C SOA and some of it will exist the gas-phase as volatile products, C V (μg/m3), at fractions 
that depend on the amount of C dROG  indoors. In batch reactor systems with negligible losses owing 
to air exchange and deposition, C dROG  = ΔROG. However, there are losses indoors because of air 
exchange and deposition, so C dROG  < ΔROG.  
To determine C SOA as a function of C dROG , one recognizes that Eq.(3-5) holds not only for 
incremental changes in products and reactants but also for instantaneous equilibrium partitioning 
of products (Hoffmann et al., 1997). Therefore, by assuming instantaneous equilibrium and that 
there is not any background organic aerosol present (i.e., C Mb  = 0 μg/m3) the AMF equation can be 
recast as: 
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𝐶𝐶SOA
𝐶𝐶dROG
= 𝐶𝐶SOA � 𝛼𝛼1𝐾𝐾11 + 𝐶𝐶SOA𝐾𝐾1 + 𝛼𝛼2𝐾𝐾21 + 𝐶𝐶SOA𝐾𝐾2� Eq.(3-6) 
Thus, Eq.(3-6) can be solved to yield algebraic solutions of C SOA as a function of C dROG . 
Kroll and Seinfeld (2005) solved Eq.(3-5) for one- and two-product model solutions of C SOA as a 
function of ΔROG to parameterize batch reactor formation, but their solutions are applicable for 
Eq.(3-6) as well. The one-product solution is a linear equation, as in Eq.(3-7): 
𝐶𝐶SOA = 𝛼𝛼1𝐶𝐶dROG − 1𝐾𝐾1 Eq.(3-7) 
The two-product model solution is quadratic and more complex, and it is Eq.(3-8): 
𝐶𝐶SOA = 12 �𝐶𝐶dROG(α1 + α2)− 1𝐾𝐾1 − 1𝐾𝐾2�
+ �4𝐾𝐾1𝐾𝐾2(𝐾𝐾1α1𝐶𝐶dROG + 𝐾𝐾2α2𝐶𝐶dROG − 1)+�𝐾𝐾1 + 𝐾𝐾2 − 𝐾𝐾1𝐾𝐾2𝐶𝐶dROG(α1 + α2)�2 �
1
2
2𝐾𝐾1𝐾𝐾2  
Eq.(3-8) 
Kroll and Seinfeld (2005) also solved Eq.(3-5) assuming that there is background organic aerosol, 
but those solutions were not used in this work. 
To use this method, a differential equation for C dROG  was derived by substituting the term 
(AMF·C dROG ) for C SOA in Eq.(3-4) and computing the derivative, d(AMF·C dROG )/dt, which is: 
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d𝐶𝐶dROGd𝑡𝑡 =  𝑘𝑘O3/terp𝐶𝐶O3𝐶𝐶terp𝛤𝛤terp − ��𝜆𝜆𝑗𝑗𝑛𝑛
𝑗𝑗=1
+ 𝛽𝛽SOA + 1AMF d(AMF)d𝑡𝑡 �𝐶𝐶dROG Eq.(3-9) 
Eq.(3-9) implies that all products of terpenoid oxidation, not just SOA phase products, are subject 
to particle loss mechanisms. Particle losses applying to volatile products may seem counterintui-
tive; however, volatile products are affected by particle-specific loss mechanisms because parti-
tioning is an equilibrium process. As C SOA  is lost by deposition mechanisms to filters or surfaces, 
there is a driving force for some of the volatile products to further partition to the SOA phase, at a 
fraction dependent on the total amount of C dROG  currently indoors.  
For SOA-M2, Eqs.(3-2), (3-3) and (3-9) were solved numerically using Runge-Kutta order 
4 (RK4) method, then C dROG  was found algebraically with Eq.(3-8). One important point regarding 
Objective 1 is that the RK4 transient solution for C dROG  with Eq.(3-9) used values for AMF and 
d(AMF)/dt that were determined from the AMF values of the solution from SOA-M1. This choice 
was made to verify that SOA-M1 and SOA-M2 yielded identical solutions.  
3.2.3 Validating the SOA formation models 
To validate the SOA-M1 and SOA-M2 formation models, steady state and transient exper-
iments in the literature for limonene ozonolysis were simulated using k O3/terp  = 0.0183 ppb-1 h-1 at 
25 °C (Atkinson et al., 1990), including those (i) steady state cases from Fadeyi et al. (2009), Cole-
man et al. (2008) and Li et al. (2002), which were performed in large and small chambers as well 
as an actual office, and (ii) a transient case from Singer et al. (2006a), who measured SOA transient 
formation due to ozonolysis of a limonene containing orange-oil degreaser. The two-product AMF 
parameters for limonene were synthesized from the literature and were: α 1  = 0.082, α 2  = 0.86, K 1  
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= 1 m3/μg, and K 2  = 0.0055 m3/μg. To assess the model performance, the American Society for 
Testing and Materials (ASTM) method D5157-91 (ASTM 1991) was used.  
3.3 Results and discussion for Objective 1 
For the transient case, SOA-M1 and SOA-M2 were evaluated by modeling a case from 
Singer et al. (2006), who measured transient formation due to ozonolysis of an orange-oil degreaser 
(OOD), which contained d-limonene as the only reactive gas, in a 50 m3 mock room. Model inputs 
were λ = 1 h-1, β O3  = 1 h-1, C O3,o  = 130 ppb, an initial C O3  = 65 ppb at t = 0 h, and C terp  = 1,100 
ppb until t = 0.67 h (from their Figure 1). Formation was modeled using different time-steps (dt) 
with the RK4 numerical solution to test for convergence, and select results with different dt are 
shown along with measured results in Figure 3-1. Convergence occurred when dt ≥ 10-3 h; peak 
formation for dt = 10-3 h is within 98% of that for dt = 10-4 h, which was 99.9% of the result for dt 
= 5×10-5 h (not shown). The predicted and measured C SOA peaks are 253 and 270 μg/m3, respec-
tively, which is a 6.3% difference. 
 
Figure 3-1. Modeled and measured results of transient SOA concentrations, C SOA (μg/m3), versus 
time (h), for the Orange Oil Degreaser (OOD) case from Singer et al. (2006). SOA formation was 
predicted with SOA-M1. The four lines labeled as different values of “dt” in the legend display 
predicted outcomes using different time steps (dt) with the Runge-Kutta order 4 numerical solution. 
The line labeled “Singer et al. 2006” represents the measured data supplied by the authors. 
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The Singer et al. (2006) transient case was also used to confirm that SOA-M1 and SOA-
M2 produced identical results for C SOA and C dROG . For SOA-M1, C SOA and AMF were determined 
with Eqs.(3-4) and (3-5), respectively, and then C dROG  = C SOA/AMF. For SOA-M2, time-resolved 
values of AMF from SOA-M1 were used in the calculations of C dROG with Eq.(3-9), and then Eq.(3-
8) was used to find C SOA. Results for C SOA and C dROG  using SOA-M1 and SOA-M2 were identical, 
and C SOA was the same as the converged solutions displayed in Figure 3-1. 
Experiments with limonene ozonolysis from Fadeyi et al. (2009), Coleman et al. (2008), 
and (Li et al., 2002, Coleman et al., 2008, Fadeyi et al., 2009) were used to validate steady state 
solutions of SOA-M1 and SOA-M2. Fadeyi et al. (2009) measured formation in a 266 m3 simulated 
office while varying ventilation, recirculation, and filtration parameters. Coleman et al. (2008) de-
termined formation in a 198 L chamber from ozonolysis of the OOD used in Singer et al. (2006a). 
Li et al. (2002) assessed formation at low and high air exchange rates in a 29 m3 office. For these 
24 experiments, the experimental ID (from original paper), model inputs, reported C SOA, and pre-
dicted C SOA and AMFs are listed in Table 3-1.  Background particles were neglected due to uncer-
tainty in values.   
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Table 3-1 Experimental conditions and measured SOA formation from studies in the literature 
used evaluate predicted SOA concentrations and yields from SOA-M1 and SOA-M2.   
    Reported values from literature studies  Predicted values7  
Exp. 
No1 
  C O3 C terp λ v 3 λ r 4 η SOA 5 β SOA 6 C SOA  C SOA AMF 
Exp. ID2 (ppb) (ppb) (h-1) (h-1) (-) (h-1) (μg/m3)  (μg/m3) (-) 
1 LVLR/None 290 16 2.6 7 0 0.5 34  32 0.21 
2 LVLR/New 165 22 2.6 7 0.37 0.5 6  6.6 0.10 
3 LVLR/Used 175 21 2.6 7 0.34 0.5 5  7.2 0.10 
4 LVHR/None 110 19 4.4 14 0 1 6  3.0 0.075 
5 LVHR/New  100 20 4.4 14 0.4 1 2  0.7 0.036 
6 LVHR/Used 98 20 4.4 14 0.39 1 3  0.7 0.036 
7 HVLR/None 78 29 3.6 7 0 0.5 13  5.2 0.093 
8 HVLR/New  70 30 3.6 7 0.37 0.5 1  2.1 0.065 
9 HVLR/Used  70 30 3.6 7 0.34 0.5 1  2.2 0.067 
10 HVHR/None 37 28 5.4 14 0 1 4  0.5 0.029 
11 HVHR/New 40 27 5.4 14 0.4 1 1  <0.001 <0.001 
12 HVHR/Used 36 28 5.4 14 0.39 1 1  <0.001 <0.001 
13 OOD-HH 21 518 3 0 0 0 259  195 0.53 
14 OOD-HL 7 588 1 0 0 0 203  239 0.57 
15 OOD-MH 11 528 3.1 0 0 0 92  52 0.27 
16 12/16/1999 125 160 15 0 0 0.43 17  23 0.18 
17 12/29/1999 100 1 15 0 0 0.43 0.2  <0.001 <0.001 
18 1/13/2000 100 240 15 0 0 0.43 45  34 0.22 
19 1/19/2000 100 210 15 0 0 0.43 12  26 0.19 
20 1/27/2000 80 205 2 0 0 0.43 > 350  489 0.71 
21 2/4/2000 80 360 2 0 0 0.43 > 350  978 0.81 
22 2/11/2000 2 270 2 0 0 0.43 4  1.1 0.05 
23 2/15/2000 175 125 2 0 0 0.43 > 350  704 0.77 
24 2/16/2000 125 175 2 0 0 0.43 > 350  704 0.77 
1Experiments 1–12 are from Fadeyi et al. (2009); Experiments 13–15 are from Coleman et al. 
(2008); Experiments 16–24 are from Li et al. (2002). 
2Experiment ID is the same as that in the original paper. 
3Ventilation air exchange rate. For Fadeyi et al. (2009), the ventilation rate, λ v , equals the sum of 
ventilation and duct leakage rates. 
4Recirculation air exchange rate. 
5Filter removal efficiency. 
6Surface deposition loss rate. 
7SOA-M1 and SOA-M2 predict identical results and are only listed once except for italicized val-
ues, which are results from SOA-M1.  See text for more details. 
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Steady state C SOA values were found with SOA-M1 by running the RK4 solution until 
steady conditions were reached (dt = 0.1 h, which converged). Finding steady solutions with SOA-
M2 was algebraic. Eq.(3-9) was used to find the steady state C dROG , and then C SOA was determined 
with Eq.(3-8). Both models predicted identical values, with the exception of the italicized entries 
in Table 3, which are from SOA-M1. The SOA-M2 predicts C SOA < 0 μg/m3 with Eq.(3-8) when 
C dROG  is low, indicative of the fact that some amount of oxidized material must be generated before 
SOA formation commences. 
ASTM method D5157-91 (ASTM 1991) was used to compared the measured and predicted 
values, which recommends that there is a: (i) slope of 0.75 to 1.25 and intercept within 25% of 
average value; (ii) correlation coefficient (r) ≥ 0.9; (iii) normalized mean square error (NMSE) ≤ 
0.25; and (iv) fractional bias (FB) ≤ 0.25. The transient Singer et al. (2006a) results were: slope = 
0.96, intercept % = 17%, r = 0.99, NMSE = 0.064, and FB = −0.20. For the 20 steady state cases, 
excluding four from Li et al. (2002) over the detection limit: slope = 0.89, intercept % = 0.006%, r 
= 0.96, NMSE = 0.33, and FB = −0.12. This analysis implies there is a slight bias to under-predict 
values, but the predicted results are in generally in good agreement with the measured ones, espe-
cially given the uncertainty in some inputs and reported values. For instance, Fadeyi et al. (2009) 
only estimated filter removal efficiencies; Coleman et al. (2008) estimated SOA concentrations for 
diameters ≤ 0.4 μm; and Li et al. (2002) reported a range of ventilation rates, and those in Table 3 
are midrange values.   
3.4 Conclusions for Objective 1 
Two models, SOA-M1 and SOA-M2, were developed that predict indoor SOA formation 
due to single terpenoid ozonolysis with varying yields. Each model has its own strength. The first 
model is useful to predict transient SOA concentrations, and the second model is useful when solv-
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ing for SOA concentrations at steady state. The models initially appear to effectively predict con-
centrations and were in agreement with published results. Though not discussed in this dissertation 
summary but available in Appendix A, Monte Carlo analyses were performed to estimate the pos-
sible ranges of AMFs and SOA concentrations in typical residential and office indoor settings, for 
the ozonolysis of limonene and α-pinene. Results show that indoor use of terpenoid-rich products 
can lead to a large range of SOA and AMFs, and AMFs were a strong function of background 
organic particles and the indoor ozone concentration.  
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Chapter 4: Objective 2. To determine the dependence of the AMF on 
the (i) air exchange rate and (ii) initial reactant concentrations for d-
limonene ozonolysis 
 
Objective 2 is published as the following reference: Youssefi, S., Waring, M.S. (2014). 
“Transient secondary organic aerosol formation from limonene ozonolysis in indoor environments: 
Impacts of air exchange rates and initial concentration ratios.” Environmental Science and Tech-
nology 48, 7899–7908. This paper is reproduced in Appendix B. This chapter summarizes the mo-
tivation, methodology, results and discussion, and conclusions of that work. 
4.1 Motivation for Objective 2 
As discussed in Section 2.7, the air exchange rate (AER) influences the complex SOA 
chemistry indoors and can affect both particle mass concentration and the size distribution evolu-
tion. Increased AERs decrease the residence time of reactants during which reactions can occur and 
remove continuously gas and aerosol phase reaction products from the system. The initial ratios 
of concentrations of ozone and terpenes affect SOA formation because different reaction pathways 
occur for ozone-excess versus ozone-limited conditions for ozonolysis of limonene, since it has 
two carbon-carbon double bonds. Neither of these influencing factors has been well studied in the 
indoor literature, which is the purpose of this Objective 2, for the transient AMF condition in which 
pulse limonene emissions are emitted in real buildings with air exchange, as shown schematically 
in Figure 4-1. 
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Figure 4-1. Schematic of a real building with air exchange with outdoors and pulse emissions of limonene. 
 
 
 
Objective 2 therefore consisted of a comprehensive experimental study on the impacts of the 
AER and initial concentration ratios on the AMFs describing the SOA formed due to transient 
limonene ozonolysis. One outcome of Objective 2 was an empirical equation that described the 
AMF as a function of the AER and the initial reactant concentration products and ratios, as well as 
a sensitivity analysis.  
4.2 Methodology for Objective 2 
This section first summarizes the experimental chamber system and procedure; then the spe-
cific framework used to parameterize the transient formation and AMFs is described. 
4.2.1 Experimental chamber system and procedure 
Experiments were performed in the CMFR system in Figure 4-2, which uses a stainless 
steel chamber of volume = 1 m3 and surface area = 6 m2. A zero air generator (Environics 7000) 
supplied dehumidified, particle-filtered, clean air at controlled rates (Aarlborg GFC171S) to eight 
separate points in the chamber to promote mixing, as verified by tracer tests. Ozone was introduced 
into the chamber by a calibration source (2B Technologies, 306) at desired initial concentrations. 
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Limonene was pulsed into the chamber by using a syringe pump (New Era Pump Systems 300) to 
deliver a liquid solution of limonene + methanol to a heated injection area with a separate clean air 
stream.   
 
 
 
 
Figure 4-2 Schematic of continuous mixed flow reactor (CMFR) system with stainless steel 
chamber (volume = 1 m3) to measure SOA formation due transient limonene ozonolysis.  
 
 
 
Relative humidity (RH), temperature (Onset HOBO U12), and ozone (2B Technologies 
205, uncertainty > of 1 ppb or 2%, flow = 1.5 L/min) were measured each minute. The chamber 
limonene was measured every ~20 min using gas chromatograph, flame ionization detection (GC-
FID), equipped with a pump (1 min samples), Tenax adsorption, and thermal desorption system 
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(SRI GC8610C).  A calibration curve for limonene was prepared by drawing samples through the 
sampling system from 3 L Tedlar bags with amounts of limonene in a volume of 2.5 L of clean air 
(R2 = 0.99). Limonene measurement had an uncertainty of 8%, equal to two standard deviations of 
calibration standards. The size distribution and volume loading were measured over one minute 
averages using a Fast Mobility Particle Sizer, FMPS (TSI 3091, flow = ~8 L/min).   
Eighteen experiments were performed, at low (0.28 h-1), moderate (0.53 h-1), and high (0.96 
h-1) AERs with varying initial ozone-limonene ratios, at room temperature and low RH. Between 
experiments, the chamber was cleaned with ~250 ppm ozone (Absolute Nano), followed by clean 
air flushing. After that, ozone was generated to reach its target initial concentration and limonene 
was injected to the chamber for 30 s to generate its desired target concentration.  Flows were meas-
ured, and chamber pressure was maintained at 25 Pa relative to surroundings. The SOA deposition 
rate was determined with a first order decay function once formation ceased. Though ozone and 
limonene reactions generate OH (Atkinson et al., 1992, Atkinson and Aschmann, 1993, Anglada et 
al., 2002, Aschmann et al., 2002) OH scavengers were not used; however, the methanol used as the 
solvent had a some effect on OH and an a minimal effect on SOA formation (discussed in Appendix 
B but not this summary). 
4.2.2 Parameterizing transient formation and AMFs 
Unit density transient AMFs were determined, which used the SOA volume loading from 
the FMPS and assumed a particle density of 1 g/cm3. To calculate AMF parameters, knowing the 
initial concentration (i.e., at time zero) of the parent ROG was necessary, and the initial limonene 
concentration for each experiment was calculated as the one that minimized the sum of least squares 
difference between measured limonene concentrations and those predicted with an Euler discre-
tized solution, at times of GC-FID measurements. This method also yielded predicted limonene 
concentrations at each minute.   
52 
 
The experimental system had air exchange and reactants were not replenished, so the AMF 
calculation required a dynamic framework, which followed method SOA-M2 from Objective 1 that 
describes the SOA concentration as a function of the amount of ROG oxidation products in the 
chamber over time. Using Eq.(3-9), the method solved for C dROG at each minute with a Runge-
Kutta order 4 numerical solution; however, to account for the additional source of C dROG  by OH 
and limonene reactions, the source term of kC O3 C lim  (i.e., ROG ozonolysis only) was replaced with 
one determined by actual changes in limonene for each minute. Eq.(3-9) neglects condensation of 
gaseous oxidation products to chamber walls, as it has been estimated as one to two orders of mag-
nitude slower than condensation onto aerosols for a chamber at ~1.7 of the chamber surface-to-
volume ratio used herein (Coleman et al., 2008) 
 To reiterate, once C dROG  is known, the SOA-M2 method describes C SOA with a rearranged 
form of Eq.(3-6): 
𝐶𝐶SOA = 𝐶𝐶dROG · AMF =  𝐶𝐶dROG�𝛼𝛼𝑖𝑖 �1 + 𝑐𝑐𝑖𝑖∗𝐶𝐶SOA�−1𝑖𝑖  Eq.(4-1) 
Note that this is similar to Eq.(3-6), but uses the VBS framework for the AMF, rather than the two-
product model framework. Using observed C SOA and calculated C dROG , the AMF parameters α i  
and c i * can be determined for each experiment. For these experiments, C SOA was well-described 
by solving Eq.(4-1) with one volatility bin (c*) without background aerosol, so that the multiproduct 
solution of Eq.(4-1) simplified to this one-product solution:  
𝐶𝐶SOA = 𝐶𝐶dROG · 𝛼𝛼 �1 + 𝑐𝑐𝑖𝑖∗𝐶𝐶SOA�−1 = 𝛼𝛼𝐶𝐶dROG − 𝑐𝑐∗ Eq.(4-2) 
Therefore, two parameters in Eq.(4-2) describe the formation, α and c*, and with these, C SOA can 
be algebraically solved for at any point in time that C dROG  is known. Once the parameters α and c* 
are known, the AMF for a particular value of C SOA is determined with Eq.(2-8). 
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 The Eq.(3-9) for C dROG  represents a surrogate for all limonene oxidation products in the 
SOA or volatile phases and has losses of (β SOA + [1/AMF]·[d(AMF)/dt]). Two ramifications of this 
loss term for this method of determining AMF parameters should be pointed out. The first is that 
the surface loss rate, β SOA, has been included in the C dROG  term, so C SOA is not corrected for wall 
losses directly. In Objective 1, it was demonstrated that this method produced the same solution as 
solving for C SOA  directly with a differential equation including β SOA (i.e., as SOA-M1). The second 
is that when solving Eq.(3-9), the value of [1/AMF]·[d(AMF)/dt] is required, which is problematic 
since the AMF parameters are ultimately what are being determined. As such, Eq.(3-9) was solved 
iteratively by determining the AMF at each time step with measured CSOA values and assuming a 
fixed c* = 1 µg/m3 (see below) while letting α vary for each iteration, until previous and current 
solutions converged. 
4.3 Results and discussion for Objective 2 
Table 4-1 lists the conditions for Experiments E1–E18, including a summary of initial con-
centrations, SOA formed, and deposition rates, grouped by the AER. Mean (± standard deviation, 
S.D.) AERs by group were 0.28 (0.02), 0.53 (0.005), and 0.96 (0.008) h-1, and the temperature was 
stable at a mean of 23 °C and RH was less than 10% for all experiments except for E8. Across 18 
experiments, the measured initial ozone ranged from 45–295 ppb and the predicted initial limonene 
from 20–663 ppb.  
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Table 4-1 Experimental conditions and results for 18 experiments measuring transient secondary 
organic aerosol (SOA) formation due to limonene ozonolysis.   
Exp. 
IDa 
Air ex-
change 
rate (h-1) 
RHb 
(%) 
Temp.c 
(°C) 
Initial 
ozone 
(ppb) 
Initial              
limonene  
(ppb) 
Surface 
deposi-
tion 
rate (h-1) 
Max 
SOA 
massd 
(μg/m3) 
Max SOA 
numberd 
(#/cm3) 
GM of 
maxd 
(nm) 
GSD of 
maxd          
(-) 
Moderate air exchange rate experiments       
E1 0.53 3 23 45 422 0.15 66 318,000 37 1.5 
E2 0.52 10 23 45 119 0.32 33 288,000 31 1.6 
E3 0.52 9 23 45 67 0.28 17 107,000 35 1.5 
E4 0.53 6 24 295 20 0.19 53 149,000 40 1.7 
E5 0.53 10 24 195 30 0.25 39 165,000 46 1.4 
E6 0.53 6 23 94 35 0.32 21 108,000 50 1.4 
Low air exchange rate experiments       
E7 0.26 10 23 41 428 0.43 55 137,000 65 1.5 
E8 0.27 17 28 46 275 0.36 55 93,000 65 1.5 
E9 0.31 7 23 45 118 0.34 42 155,000 35 1.5 
E10 0.28 0 23 300 243 0.23 330 517,000 70 1.5 
E11 0.30 10 23 192 72 0.18 116 313,000 64 1.5 
E12 0.26 0 23 95 122 0.21 83 162,000 55 1.5 
High air exchange rate experiments       
E13 0.95 0 23 45 663 0.47 16 86,000 41 1.5 
E14 0.95 0 23 45 131 0.10 11 23,000 72 1.4 
E15 0.96 0 23 45 67 0.45 5.4 28,000 55 1.5 
E16 0.96 0 22 295 58 0.16 40 265,000 35 1.5 
E17 0.95 0 23 195 34 0.18 24 99,000 37 1.5 
E18 0.97 0 23 95 42 0.24 12 71,000 37 1.5 
a. Experiment identification number 
b. RH = relative humidity 
c. Temp. = temperature 
d. The maximum SOA mass and number concentrations occurred at different times in the ex-
periments.  The number maximum always occurred prior to the mass maximum, and the GM 
(geometric mean) and GSD (geometric standard deviation) are for the maximum number 
concentration. 
 
 
 
4.3.1 Transient SOA formation trends 
Figure 4-3 illustrates time-resolved results for three experiments, with one at each AER for 
low initial ozone-limonene ratios. Measured ozone, limonene, and SOA are shown, along with 
predicted limonene, C dROG , and C SOA (SOA prediction discussed later). At t = 0 h, the ozone and 
limonene began decaying from chemical reactions and air exchange. As ozone and limonene re-
acted, the SOA increased, peaked, and then decreased due to air exchange and deposition, as well 
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as because the SOA formation strength decreased as ozone and limonene decreased. The C dROG 
behaved similarly in trend to C SOA. Most experiments showed good agreement between the meas-
ured and predicted limonene, with agreement slopes of 0.95–1.02 and R2 ≥ 0.81, except for E4, E5, 
and E17, which are excluded in later analysis. Estimates suggest an average of 91% of limonene 
reacted with ozone and 9% with OH.  
Figure 4-3 also shows measured C SOA versus predicted C dROG  for the same three experi-
ments. AMF parameters of α and c* were fit to C SOA as function of C dROG  using Eq.(4-2). Three 
distinct fits were made to the data: (i) the first ‘<MAX’ is a fit for results prior to the peak SOA 
concentration and once the new C SOA exceeded 1 μg/m3; (ii) the second ‘>MAX’ is for results after 
the peak SOA concentration; and (iii) the third ‘ALL’ is for all SOA results but with a fixed c* = 1 
μg/m3. The uncertainties for these parameters are less than 15%, given measurement uncertainties. 
The ALL fit uses a c* = 1 μg/m3 since the average c* for <MAX and >MAX fits was 1.95 μg/m3 (if 
E10 for <MAX is excluded). The ALL fit is useful to predict C SOA by using C dROG  with its α and 
c* = 1 μg/m3 by using Eq.(4-2), which is how the predicted C SOA  were determined for Figure 4-3. 
The table with all experimental fits is in Appendix B. 
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Figure 4-3 Plots a, b, c: Results for representative transient SOA formation experiments at each of 
the three air exchange rates (AER) and at low initial ozone-limonene ratios. Measured (m) results 
for SOA, limonene, and ozone are shown, as well as predicted (p) results for SOA, limonene, and 
dROG. Plots d, e, f: Linear fits between measured SOA and predicted dROG concentrations using 
Eq.(3-9), for same experiments in plots a, b, c. Three linear fits are shown: <MAX are fits for SOA 
> 1 μg/m3 and up to the peak SOA concentration; >MAX are for after peak SOA concentration; 
and ALL are for all SOA with a fixed y-intercept of 1 μg/m3. Hollow dark squares are <MAX and 
filled gray circles are >MAX measurements (filled circles appear as a gray band due to close spac-
ing). 
 
 
 
4.3.2 Transient AMFs for limonene ozonolysis 
Using the ALL results with Eq.(4-2), Figure 4-4 displays AMFs as a function of the maxi-
mum C SOA concentration for each experiment, as well as individual maximum AMFs from batch 
experiments at similar temperatures and ozone-limonene ratios from Leungsakul et al. (2005a). To 
interpret these AMFs within the realm of limonene ozonolysis SOA formation potential, Figure 4-
4 plots the dark limonene ozonolysis AMF fit from Zhang et al. (2006) which is an upper bound 
and represents fully oxidized limonene, and the dark limona ketone ozonolysis AMF fit from 
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Donahue et al. (2007) which is a lower bound and represents only endo- bond oxidized limonene. 
All but one of the plotted AMFs reside within this SOA formation potential space. An overall AMF 
curve was not fit to the experimental results herein, because they do not represent a specific reaction 
regime (i.e., both endo/exo- bond oxidation or endo- bond oxidation only) and a fit would thus have 
little meaning. 
 
 
 
 
Figure 4-4 Aerosol mass fraction versus maximum SOA concentration assuming the one-product 
model using α(ALL) for c* = 1 μg/m3 for the experiments herein and from batch AMFs from 
Leungsakul et al. (2005) at similar temperatures.  Also shown are VBS curve fits for AMFs for 
results from Zhang et al. (2006) for dark limonene ozonolysis and from Donahue et al. (2006) for 
dark limona ketone ozonolysis. 
 
 
 
The AMFs fluctuate within that space because of variations in ozone-limonene ratios or 
AERs. Increases in ozone-limonene ratios increase the secondary reaction rate of ozone attack on 
the exo- bond in the aerosol phase (Zhang et al., 2006, Maksymiuk et al., 2009), and increases in 
AERs reduce time for those later generation reactions to occur; thus, the time scales of these two 
mechanisms compete to affect formation. To explore this, Figure 4-5 shows the AMF as a function 
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of the ratio of the lifetime for heterogeneous ozone reactions with first-generation ozonolysis prod-
ucts in the aerosol phase and the chamber residence time. The ozone heterogeneous lifetime was 
calculated at each maximum C SOA, using the procedure in Zhang et al. (2006) and assuming an 
ozone uptake coefficient of γ = 0.001. The interplay of these mechanisms affects the AMF, with a 
dependence of the AMF on the ability of ozone having sufficient time to oxidize the exo- limonene 
double bond. 
 
 
 
 
Figure 4-5 Aerosol mass fraction, assuming the one-product model with α(ALL), as a function of 
ratio of heterogeneous lifetime for ozone reacting with first-generation products in SOA phase and 
chamber residence time (i.e., inverse of air exchange rate, AER).  The ozone heterogeneous lifetime 
was calculated using the procedure in Zhang et al. (2006) and assuming an ozone uptake coefficient 
of γ = 0.001.  
 
 
 
Using this insight as guidance, multiple linear regressions were conducted for all of the 
<MAX, >MAX, and ALL fits (which are in Table 2 in the Appendix B). Therefore, the outcomes 
were the AMF parameters of α and c* and the predictors were the (i) product of initial ozone and 
limonene concentrations, (ii) AER, and (iii) initial ozone-limonene ratio, as shown in Eq.(4-3): 
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𝛼𝛼, 𝑐𝑐∗ = 𝛽𝛽0 + 𝛽𝛽1(𝐶𝐶O3𝐶𝐶lim)𝑡𝑡=0 + 𝛽𝛽2𝜆𝜆 + 𝛽𝛽3 �𝐶𝐶O3𝐶𝐶lim�𝑡𝑡=0 Eq.(4-3) 
where β n  are regression coefficients for each input variable n. AMFs from Leungsakul et al. 
(2005a) at similar ozone-limonene ratios but in a batch system (AER ≈ 0.01 h-1) were included. 
Regression coefficients are in Table 4-2, along with p-values (bolded if significance < 0.05), stand-
ardized regression coefficients (SRC), and R2 values. SRCs can be used to compare the relative 
impacts of inputs on the outcome and are the actual regression coefficients normalized by the ratio 
of the sample standard deviations of the dependent to independent variables. SRCs range from −1 
to +1 (unless predictor variables exhibit multicollinearity); a high |SRC| indicates a large influence 
on the outcome, while a |SRC| near zero indicates little influence; and an input with a −SRC changes 
the outcome negatively and a +SRC changes the outcome positively (Saltelli et al., 2006). 
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Table 4-2 Multiple linear regression fits for outcome variables of α and c* listed in Table X in 
Appendix B with input variables of the initial ozone-limonene product, air exchange rate, and ini-
tial ozone-limonene ratio for each experiment. Bolded values are significant in the regression. 
Outcome Statistica (C O3 ×C lim ) t=0 b AERc (C O3 /C lim ) t=0 d y-intercept R2 
α(<MAX) Coef. 1.4E-06 -0.24 0.061 0.35 0.67 
  p-value 0.31 0.010 0.0034 7.8E-05   
  SRC 0.19 -0.58 0.67     
              
c*(<MAX) Coef. 0.0010 1.9 1.3 -10 0.81 
  p-value 3.58E-05 0.84 0.50 0.15   
  SRC 0.90 0.029 0.095     
              
α(>MAX) Coef. -3.1E-07 -0.33 0.055 0.40 0.82 
  p-value 0.74 9.0E-05 0.00051 6.2E-07   
  SRC -0.046 -0.84 0.65     
              
c*(>MAX) Coef. -0.00052 -3.9 -0.077 11 0.60 
  p-value 0.0020 0.63 0.96 0.078   
  SRC -0.80 -0.10 -0.0095     
              
α(ALL) Coef. 8.3E-07 -0.46 0.053 0.48 0.83 
  p-value 0.0035 6.7E-05 0.029 6.4E-08   
  SRC 0.41 -0.67 0.26     
a. Coef. = regression coefficient; p-value < 0.05 indicates significance of the input or intercept 
in the regression; SRC = standardized regression coefficient 
b. (O 3 ×lim) t=0  = initial ozone-limonene product in experiment 
c. AER = air exchange rate in experiment 
d. (O 3 /lim) t=0  = initial ozone-limonene ratio in experiment 
 
 
 
 According to the regressions, the α(<MAX), α(>MAX), and α(ALL) parameters are af-
fected by the AER negatively and initial ozone-limonene ratio positively, in accordance with the 
time scale analysis. The c*(<MAX) is positively affected and the c*(>MAX) is negatively affected 
by the initial ozone-limonene product, because higher ROG conversion leads to more volatile prod-
ucts comprising the SOA (Presto and Donahue, 2006, Zhang et al., 2006, Kroll and Seinfeld, 2008). 
More volatile products can condense at higher C SOA, increasing c*(<MAX), and are more affected 
by differing loss rates of SOA and volatile products as both decrease in the chamber, decreasing 
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c*(>MAX). Finally, the positive influence of α(ALL) with the initial ozone-limonene product indi-
cates that stronger formation occurs at the increased SOA loading that follows from higher rates of 
ROG conversion. According to SRCs for the α(ALL) regression, the AER has the strongest influ-
ence on SOA formation potential, followed by the ozone-limonene product and then the ozone-
limonene ratio.  
4.4 Conclusions for Objective 2 
 Transient AMF parameters were quantified for SOA formation regimes (i.e., <MAX, 
>MAX, ALL) for 18 experiments at low, moderate, and high AERs (0.28, 0.53, and 0.96 h-1, re-
spectively) at varying initial reactant concentration magnitudes and ratios. These AMF parameters 
can be reproduced with the regression coefficients over the studied range of experimental condi-
tions, and they can be used to predict indoor SOA formation due to ozonolysis of pulse-emitted 
limonene. Transient AMFs ranged from 0.026 to 0.47 at the experimental peak SOA values. This 
study highlights the importance of quantifying indoor SOA formation with AMFs from experi-
ments performed in chambers with air exchange and at initial ozone-limonene concentrations typ-
ical of indoors. Using limonene ozonolysis AMFs determined in batch chambers with high ozone-
limonene ratios (Zhang et al., 2006) may be inappropriate for indoor SOA formation prediction for 
certain circumstances.   
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Chapter 5: Objective 3. To determine the dependence of the AMF on 
the (i) air exchange rate and (ii) initial reactant concentrations for α-pi-
nene ozonolysis 
 
Objective 3 is submitted to Atmospheric Environment and is under review as the following 
reference: Youssefi, S., Waring, M.S. (2015). “Indoor transient SOA formation from ozone + α-
pinene reactions: Impacts of air exchange and initial product concentrations, and comparison to 
limonene ozonolysis.” The current manuscript for this paper is reproduced in Appendix C. This 
chapter summarizes the motivation, methodology, and results and discussion of that work. 
5.1 Motivation for Objective 3 
The work in Objective 2 consisted of a series of experiments to find out the effect of air 
exchange rate on the transient SOA formation potential of d-limonene ozonolysis. Objective 3 is 
exactly analogous to Objective 2, but instead for SOA formed from α-pinene ozonolysis. As ex-
plained earlier, α-pinene is the second most important terpene routinely measured indoors.  
An interesting point learned from Objective 2 was the effect of ozone-limonene ratio on the 
transient AMF. As the ratio of ozone-limonene initial concentrations increased, so did the AMF. 
This effect, as explained, is because limonene has two double bonds, one endocyclic and one exo-
cyclic one, and in the reaction with ozone, the endocyclic bond is attacked first. If the concentration 
of ozone is high, then the second, exocyclic double bond will also be oxidized in the aerosol phase. 
On the contrary, α-pinene has only one endocyclic double bond, so it was expected the SOA for-
mation potential of α-pinene ozonolysis should be less affected by the initial ozone-pinene ratio.   
Similar to Objective 2, Objective 3 consisted of an experimental study on the impacts of the 
AER and initial concentration ratios on the AMFs describing the SOA formed due to transient α-
pinene ozonolysis. Again, one outcome of Objective 3 was an empirical equation that described the 
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AMF as a function of the AER and the initial reactant concentration products and ratios, as well as 
a sensitivity analysis.  
5.2 Methodology for Objective 3 
The methods for Objective 3 allowed the determination of transient AMFs for α-pinene ozo-
nolysis and are exactly the same as for Objective 2, so they are not reproduced explicitly herein. 
For this work, 19 α-pinene ozonolysis transient experiments were conducted at three AERs over 
different initial combinations of reactants (same ranges as Objective 2). 
5.3 Results and discussion for Objective 3 
For the 19 experiments, Table 5-1 lists their initial reactant concentrations, AER, and tem-
perature, along with the peak SOA mass and peak number concentrations and the wall deposition 
rate at the peak SOA mass concentration (RH = 0% for all experiments). Temperature had a mean 
of 23 °C (standard deviation = 1 °C). The mean low, moderate, and high AERs were 0.30, 0.52, 
and 0.94 h-1, respectively. Initial ozone and α-pinene concentrations ranged from 46–295 ppb and 
12–385 ppb, respectively.  
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Table 5-1 Experimental conditions and results for 19 experiments measuring transient secondary 
organic aerosol (SOA) formation due to α-pinene ozonolysis. 
Exp.      
IDa 
Air ex-
change 
rate (h-1) 
Temp.b 
(°C) 
Initial                
ozone                
(ppb) 
Initial               
α-pinene 
(ppb) 
Surface 
deposi-
tion 
ratec (h-
1) 
Max SOA 
massd 
(μg/m3) 
Max SOA 
Numberd 
(#/cm3) 
GM                 
of maxd 
(nm) 
GSD                   
of maxd 
(-) 
Moderate air exchange rate 
P1 0.52 25 50 237 0.081 16 12525 92.3 1.6 
P2 0.52 23 49 233 0.078 14 9898.9 93.5 1.6 
P3 0.52 24 51 77 0.099 5.5 10011 67.3 1.6 
P4 0.52 22 97 118 0.077 23 13741 93.0 1.7 
P5 0.52 23 295 40 0.085 16 13506 76.3 1.7 
P6 0.52 23 193 27 0.089 4.5 6233.8 73.4 1.8 
Low air exchange rate 
P7 0.3 22 48 385 0.076 13 6605.5 126 1.4 
P8 0.3 23 47 155 0.074 8.1 5647.2 104 1.6 
P9 0.3 22 46 88 0.079 4.4 6638.5 62.5 1.6 
P10 0.3 24 93 52 0.090 7.2 8060.1 83.5 1.5 
P11 0.3 22 293 99 0.072 112 30983 141 1.5 
P12 0.3 22 193 25 0.081 7.1 9700.3 76.3 1.8 
High air exchange rate 
P13 0.95 24 48 280 0.095 10 16389 70.2 1.5 
P14 0.97 24 49 250 0.10 8.9 18545 68.5 1.5 
P15 0.92 24 49 86 0.12 3.7 14646 53.2 1.6 
P16 0.95 23 295 12 0.22 2.6 34906 36.9 1.5 
P17 0.94 22 193 27 0.16 3.3 22658 46.0 1.5 
P18 0.95 23 292 93 0.077 35 21355 92.8 1.7 
P19 0.92 21 96 53 0.13 4.8 14698 63.4 1.5 
a. Experiment identification number 
b. Temp. = temperature 
c. Surface deposition rates at the time of the maximum SOA mass (first peak) determined using 
the theory of Lai and Nazaroff (2000) 
d. The maximum SOA mass and number concentrations occurred at different times in the exper-
iments.  The number maximum always occurred prior to the mass maximum, and the GM 
(geometric mean) and GSD (geometric standard deviation) are for the maximum number con-
centration. 
 
 
 
5.3.1 Transient SOA formation trends 
Using Experiment P2 as an example, Figure 5-1a shows the temporal evolution of measured 
ozone, α-pinene, and SOA, along with predicted α-pinene, C dROG , and C SOA. At t = 0 h, the α-
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pinene injection occurred, and ozone and α-pinene began decreasing due to reactions and air ex-
change; those reactions yielded C dROG , some of which partitioned to SOA mass.  Though not dis-
cussed explicitly in this summary, it was estimated that 97% of α-pinene oxidation was by ozone 
and not by any formed OH. 
 
 
 
 
Figure 5-1. Typical results for transient SOA formation experiments, using experiment P2 as an 
example.  Plot (a) shows measured, m, results for SOA, limonene, and ozone, as well as predicted, 
p, results for SOA, limonene, and dROG.  Plot (b) shows linear fits between measured SOA and 
predicted dROG using Eq.(3-9), including three fits: <MAX are fits for SOA > 1 μg/m3 and up to 
the first peak of SOA; >MAX are for after first peak SOA; and ALL are for all SOA with a fixed 
y-intercept of 3.5 μg/m3.  Hollow dark squares are <MAX and filled gray circles are >MAX for 
individual data points (filled circles appear as a gray band due to close spacing). 
 
 
 
Figure 5-1b illustrates the measured SOA as a function of predicted C dROG , also for Exper-
iment P2. The AMF parameters of α and c* for each experiment were fit using linear regressions 
for the same three formation regimes as in Objective 2, i.e., <MAX, >MAX, and ALL, wher in this 
case the ALL fit used a fixed c* = 3.5 μg/m3 since it was a representative value across considered 
α-pinene experiments. Results for all experimental fits are in Table 2 in Appendix C.  The uncer-
tainties for these parameters are again estimated at less than 15%.  Five experiments (P6, P7, P9, 
P11, and P14) are not considered in later analysis due to one or more of their fits having R2 < 0.4 
or because of outlier results, i.e., α(<MAX) = 2.6 for P11.   
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5.3.2 Transient AMFs for α-pinene ozonolysis 
Using the ALL results with Eq.(4-2), Figure 5-2 shows the AMF as a function of the peak 
C SOA for each experiment. The AMFs ranged from 0.071 to 0.25. Figure 5-2 also shows four unit 
density AMF curves from the literature, including steady state flow through fits from Shilling et al. 
(2008) and Chen and Hopke (2009a), as well as batch fits from Presto and Donahue (2006) and 
Pathak et al. (2007). The literature fits show variation in AMFs at identical C SOA, with larger AMFs 
at steady state rather than batch conditions. The transient AMFs herein fall near or within the range 
in the literature. Deviations are within measurement uncertainty or due to experimental conditions 
(e.g. AERs, reactant concentrations). Notably, there was a definite cluster of AMFs larger than 
typical values for conditions of high AER at low C SOA, which may be due to the strong partitioning 
of low volatility products that must occur to generate SOA when there is a short residence time and 
products are being removed from the chamber at a fast rate. 
 
 
 
 
Figure 5-2 Aerosol mass fraction as a function of maximum SOA concentration assuming unit 
density SOA and a linear one-product model using α(ALL) for c* = 3.5 μg/m3. Also shown are 
overall unit density AMFs curve fits for steady state flow through experiments by Shilling et al. 
(2008) and Chen and Hopke (2009) (divided by density = −0.181×ln(C SOA) + 1.88, which was 
estimated from results in their paper, and batch experiments from Presto and Donahue (2006) and 
Pathak et al. (2007). 
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To understand the sensitivity of the AMF parameters to different conditions, multiple linear 
regressions were again performed to identify correlations between α and c* for <MAX, >MAX, and 
ALL fits as the outcome variables, with the AER and different combinations of the reactant initial 
concentrations as predictors, using:   
𝛼𝛼, 𝑐𝑐∗ = 𝛽𝛽0 + 𝛽𝛽1�𝐶𝐶O3𝐶𝐶pin�𝑡𝑡=0 + 𝛽𝛽2𝜆𝜆 + 𝛽𝛽3 �𝐶𝐶O3𝐶𝐶pin�𝑡𝑡=0 + 𝛽𝛽4(𝐶𝐶O3)𝑡𝑡=0+ 𝛽𝛽5�𝐶𝐶pin�𝑡𝑡=0 Eq.(5-1) 
where β n  are regression coefficients for each input variable n. Table 5-2 lists the regression coeffi-
cients, p-values, standardized regression coefficients (SRC), and R2 values. For comparison pur-
poses, α(ALL) results from Objective 2 results for limonene ozonolysis are also shown. 
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Table 5-2 Multiple linear regression fits for outcome variables of α and c* with input variables for 
α-pinene experiments; for comparison, results also shown from limonene ozonolysis experiments 
for α(ALL) from Objective 2. Bolded predictors have p < 0.05. 
Outcome Statistica (C O3 ×C pin ) t=0 b AERc (C O3 /C pin ) t=0 d (C O3 ) t=0 e (C pin ) t=0 f y-int R2 
Regression variables for α-pinene ozonolysis AMF parameters           
α(<MAX) Coef. 0.000017 0.13 0.0057 -0.00097 -0.0010 0.16 0.85 
  p-value 0.0087 0.014 0.26 0.060 0.012 0.011   
  SRC 1.4 0.48 0.49 -1.3 -1.2     
                  
c*(<MAX) Coef. 0.0012 2.8 0.48 -0.065 -0.044 1.3 0.90 
  p-value 0.00081 0.21 0.058 0.014 0.017 0.58   
  SRC 1.7 0.17 0.71 -1.5 -0.86     
                  
α(>MAX) Coef. 7.5E-06 -0.21 0.0036 -0.00050 -0.0010 0.47 0.52 
  p-value 0.53 0.066 0.74 0.63 0.22 0.0025   
  SRC 0.48 -0.58 0.24 -0.51 -0.85     
                  
c*(>MAX) Coef. 0.00058 -22 0.26 -0.032 -0.028 24 0.57 
  p-value 0.51 0.016 0.75 0.68 0.61 0.020   
  SRC 0.48 -0.78 0.22 -0.42 -0.32     
                  
α(ALL) Coef. 4.5E-06 0.17 0.012 -0.00069 -0.00074 0.18 0.97 
  p-value 0.13 0.000085 0.0012 0.019 0.0022 0.00010   
  SRC 0.32 0.51 0.89 -0.77 -0.72     
                  
Outcome Statistic (C O3 ×C lim ) t=0 g AER (C O3 /C lim ) t=0 h     y-int R2 
Regression variables for limonene ozonolysis AMF parameters (Youssefi and Waring, 2014)     
α(ALL) Coef. 8.30E-07 -0.46 0.053     0.48 0.83 
  p-value 0.0035 6.70E-05 0.029     6.40E-08   
  SRC 0.41 -0.67 0.26         
a. Coef. = regression coefficient; p-value < 0.05 indicates significance of the input or intercept 
in the regression; SRC = standardized regression coefficient 
b. (C O3 ×C pin ) t=0  = initial ozone-α-pinene concentration product 
c. AER = air exchange rate 
d. (C O3 /C pin ) t=0  = initial ozone/α-pinene concentration ratio 
e. (C O3 ) t=0  = initial ozone concentration  
f. (C pin ) t=0  = initial α-pinene concentration  
g. (C O3 ×C pin ) t=0  = initial ozone-limonene concentration product  
h. (C O3 /C pin ) t=0  = initial ozone/limonene concentration ratio  
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Table 5-2 enumerates the influential variables for each regression for the AMF parameters 
of α and c*. Regression predictors were retained in this table even if they had a low significance so 
that their relative importance may discerned; values with significance of p < 0.05 are bolded. A 
positive association with α denotes that increases in the predictor increase how much of the terpene 
oxidation products partition into the SOA phase. A positive association of a predictor with c* de-
notes a general increase in overall product suite volatility (makes y-intercept more negative), and 
affects how much ROG must be converted to commence SOA formation. The regressions well 
described the outcomes for the <MAX and ALL regimes (i.e., all R2 ≥ 0.85); the outcomes for 
>MAX regime were described less well by the regressions (R2 of 0.52 and 0.57), but even these 
were reasonable.  
Regarding the predictors related to the initial reactant concentrations and their combina-
tions, the initial product of ozone and α-pinene, (C O3 C pin ) t=0 , positively influenced all outcomes, 
but it was only significant for <MAX parameters. Individual initial concentrations of (C O3 ) t=0  or 
(C pin ) t=0  had a negative influence on outcomes and were significant for many predictors. The ratio 
(C O3 /C pin ) t=0  was significant only for α(ALL). When considered together, these three results imply 
that the highest SOA formation occurs either when neither of the two reactants is in excess (or 
perhaps slightly when ozone is in excess), as was also noted by Chen and Hopke (2009a).   
The AER was always less influential than at least one of the initial concentration predictors, 
except for c*(>MAX). The AER significantly influenced three outcomes; it was positively associ-
ated with = α(<MAX) and α(ALL) and negatively associated with c*(>MAX). Regarding these α, 
an increase in AER caused more partitioning to C SOA for the same C dROG , which reflects that prod-
ucts with stronger partitioning capabilities are required to commence fresh SOA formation (Shilling 
et al., 2008) at this low residence time condition. This result is opposite in direction and weaker 
than for limonene, in which impacts of later generation reactions dominated. For c*(>MAX), this 
negative association implies that post-peak SOA is composed of higher volatility products at low 
70 
 
AERs, which may be due to the competitive interplay of the AER and surface deposition rate. At 
lower AERs, the loss to surfaces becomes relatively more important as SOA is lost more rapidly 
than volatile ROG oxidation products, increasing the c* as more products with higher volatilities 
partition to SOA to maintain equilibrium. 
5.3.3 Indoor SOA formation due to α-pinene and limonene ozonolysis 
This section explores the general implications of the results from α-pinene and limonene 
experiments on indoor SOA formation. Monte Carlo methods were used, which run repeated cases 
of model instances with inputs randomly sampled from probability distributions to obtain proba-
bility distributions of occurrence for output parameters. Inputs were lognormal distributions, which 
had characteristics chosen to represent ranges that were both reasonable indoors and reflected the 
experimental conditions. Considered distributions were: 
• Air exchange rate, AER = Log-N(0.5 h-1, 1.4, range 0.23–1.1 h-1) 
• Initial ozone concentration, (O 3 ) t=0  = Log-N(20 ppb, 2, range 3.8–100 ppb) 
• Low initial terpene concentration, (Low Terp.) t=0  = Log-N(10 ppb, 2, range 1.9–49 ppb) 
• High initial terpene concentration, (High Terp.) t=0  = Log-N(100 ppb, 2, range 21–505 
ppb) 
On the right side of the equality, the first parenthetical term is the geometric mean (GM), the second 
is the geometric standard deviation (GSD), and the third is the range of 1st to 99th percentiles. For 
α-pinene and limonene separately, eight Monte Carlo cases with four low and four high initial 
terpene distributions were run using the AER and ozone distributions. Inputs were either held con-
stant at the GM or allowed to vary according to its distribution to isolate its influence. For one case 
for each terpene and low/high condition, all parameters were varied simultaneously to quantify the 
range of possibilities for the input space.  For each run, the regression coefficients were used to 
determine the α(ALL) for α-pinene and limonene, the approximation of α(ALL) ≈ AMF was made, 
71 
 
and then the initial SOA formation rate, S (μg/m3·h), equal to S = AMF·(ozone-terpene rate con-
stant)·[initial ozone]·[initial terpene], was calculated.   
Figure 5-3 displays descriptions of input parameter combinations for each Monte Carlo 
case and box plots for result distributions, where the boxes show the 25th to 75th percentiles, the 
median is the line in the box, and whiskers are values within 1.5 multiplied by the range of the box 
(outliers have been excluded for clarity). The α(ALL) for α-pinene is smaller than that for limonene 
in absolute magnitude and the potential range. For instance, for the Low Terpene case for which 
all inputs were varied, the {5th, 50th, 95th percentiles} for α-pinene are α(ALL) α-pin,Low  = {0.22, 0.26, 
034} and limonene are α(ALL) lim,Low  ={0.17, 0.36, 0.79}. For the High Terpene condition, α-pi-
nene are α(ALL) α-pin,High  = {0.055, 0.19, 0.26} and limonene are α(ALL) lim,High  = {0.10, 0.27, 0.37} 
From a SOA prediction standpoint, these results show that for many instances, especially for large 
transient terpene releases, using a constant value of α for α-pinene (e.g. 0.2 or 0.25) would yield 
good order of magnitude results. However, the limonene α is much too variable to use a constant 
value for meaningful results. 
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Figure 5-3. Impact of initial ozone, (O3 ) t=0 , and terpene, (Low Terp.) t=0  or (High Terp.) t=0 , con-
centrations and air exchange rate, AER, on the AMF parameter, α(ALL), using fits from this work 
for α-pinene and limonene, as well as on SOA formation rates.  Impacts were quantified using a 
Monte Carlo analysis with the distributions listed on the figure in which different parameters were 
held constant at the geometric mean (GM) or allowed to vary as a distribution.   
 
 
 
 
The α(ALL) parameters are larger for cases with the Low Terpene rather than the High 
Terpene condition, even though the initial reactant products are an order of magnitude greater for 
the latter condition. At the same percentiles as above, the percentages (i.e., High Terpene ÷ Low 
Terpene × 100) of α(ALL) for α-pinene are {25, 73, 76%}and for limonene are {59, 75, 46}. At 
the medians, both terpenes have α(ALL) for the High Terpene cases that are about three-fourths of 
the Low Terpene cases.  The High and Low Terpene case results diverge more strongly for α-pinene 
at the 5th percentile and for limonene at the 95th percentile.  
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However, this α trend should not be interpreted as applying to the magnitude of SOA for-
mation that would occur at these conditions, which is parameterized by S, the SOA formation rate. 
For the all-inputs-varied, Low Terpene case, the {5th, 50th, 95th percentiles} for α-pinene are S α-
pin,Low  = {0.47, 2.3, 11 μg/m3 h} and limonene are S lim,Low  = {1.3, 7.6, 44 μg/m3 h}. For the High 
Terpene condition, α-pinene are S α-pin,High  = {3.5, 14, 52 μg/m3 h}and limonene are S lim,High  = {8.4, 
51, 266 μg/m3 h}. Median results indicate that at the same AERs and ozone/ terpene reactant con-
centrations, limonene would generate a factor of 3.3 and 3.6 more SOA than would α-pinene, for 
Low and High Terpene conditions, respectively.  The formation rates somewhat follow the trends 
of α(ALL), except that changing reactant concentrations has a larger effect on S relative to α(ALL) 
since S is influenced by concentrations of both reactants directly and the AER only indirectly. For 
this reason, the AER has a larger relative impact on α(ALL) than it does on the SOA formation 
rate. 
 Finally, a test for the utility of these regression-identified relationships is to see whether 
identified trends were present in the general SOA formation results.  So, Figure 5-4 plots for the α-
pinene and limonene ozonolysis experiments the peak SOA concentration as a function of the (a) 
initial ozone-terpene product and the (b) AER. Linear fits and 95% percentile confidence intervals 
(CI) are plotted as well. For Figure 5-4a, the peak SOA concentration as a function of the ozone-
terpene product for α-pinene is linear with a small CI, which is indicative of the tighter range of 
α(ALL) in Figure 5-4a. For limonene, the variability is large and nonlinear, since α(ALL) shows 
strong dependence on the initial concentration ratio and the AER. For Figure 5-4b, formation with 
AER for both terpenes follows a linear relationship, though SOA formation by α-pinene ozonolysis 
is slightly positively linear with a small variability and that due to limonene ozonolysis is negatively 
linear with a wider variability, again due to the impacts of the initial ozone/ limonene concentra-
tions ratios (and to a lesser extend products). 
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Figure 5-4 Comparison of α-pinene and limonene SOA formation behavior, including the peak 
SOA as a function of the (a) initial product of ozone and terpene concentrations and (b) the air 
exchange rate, AER.  The shaded areas on plots represent the 95% confidence intervals for indi-
vidual linear fits to data. 
 
 
 
5.4 Conclusions for Objective 3 
This study investigated indoor SOA formation due to transient α-pinene ozonolysis, for 
pulse terpene emissions in spaces with outdoor air exchange. Transient AMF parameters were 
quantified for SOA formation regimes (i.e., <MAX, >MAX, ALL) for 19 experiments at low, mod-
erate, and high AERs (0.30, 0.52, 0.94 h-1, respectively) at varying initial reactant concentration 
magnitudes and ratios. Transient AMFs were near those of other α-pinene AMF experiments in the 
literature, and they ranged from 0.071 to 0.25 at the experimental peak SOA values. Regression 
analyses to probe the sensitivity of AMF parameters (outcomes) on the input variables (predictors) 
of AER and different combinations of initial reactant concentrations suggest that the strongest for-
mation due α-pinene ozonolysis occurs as both the AER increases and the initial ozone and α-
pinene concentration product increases, in a manner such that the reactants are near each other in 
magnitude. 
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These results were in contrast with those from Objective 2 for the limonene ozonolysis 
study, in which the AMF increased as the AER decreased and the initial ozone/ limonene ratio and 
(to a lesser extent, the product) increased, due to increased secondary reaction occurrences. These 
differences arise due to molecular structural differences: Limonene has two double bonds, and sec-
ondary ozone chemistry with the remaining exocyclic bond in the SOA phase is the driving factor; 
α-pinene only has one, and resulting AER impacts are due to removal of concentrations and com-
peting loss effects. Moreover, limonene has a greater potential to influence indoor SOA concentra-
tions than α-pinene. The accurate prediction of limonene ozonolysis SOA formation relies on the 
relationships discussed, while α-pinene is much more predictable by using only the initial product 
of the α-pinene and ozone concentrations. 
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Chapter 6: Objective 4. To study number concentration and size distri-
bution of SOA resulted from terpene ozonolysis and to develop a model 
to predict SOA formation due to terpene ozonolysis and validate the 
model 
 
In Objectives 1 to 3, SOA formation and growth was studied from the point of view of mass 
concentration, regardless of the resulting particle size. However, as noted in the literature review 
in Chapter 2, the size of particles is an extremely important criterion, and it influences whether 
SOA is removed by deposition mechanisms and if and where it deposits in the lung. In this chapter, 
which describes Objective 4 of this dissertation, the focus shifts to the size distribution and number 
evolution of SOA formed by terpene ozonolysis. The goals in Objective 4 are to: 
1. Develop a model to predict SOA size distribution and number changes during transient 
SOA formation, as exemplified in the Objectives 2 and 3 experiments.  
2. Use the data from limonene ozonolysis in Objective 2 to evaluate the model. 
All coding for this objective is done in Matlab and is presented in Appendix D.  
6.1. Experimental observations 
As noted earlier, in Objective 2, a series of experiments were done where limonene ozonol-
ysis was studied and transient formation of SOA was of interest. For those, ozone and limonene 
were both injected to the chamber non-continuously to provide the desired initial concentrations. 
Consequently, near the beginning of the experiments, the mass concentration of SOA increased and 
then reached a peak value. Following the mass peak, loss mechanisms, including ventilation and 
surface deposition, took control as the condensation particle formation mechanism weakened (due 
to fewer reactions occurring), and therefore, the SOA concentration tended to decrease back toward 
zero.  
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During the experiments, the number concentration, geometric mean (GM), and geometric 
standard deviation (GSD) of formed particles also changed with time. Mechanisms influencing the 
aerosol number and size are nucleation, coagulation, condensation, air exchange and deposition 
losses to the chamber surfaces. Condensation is responsible for particle diameter growth, so it 
does not change the number of particles. On the other hand, coagulation does not affect the total 
mass of particles but it causes a reduction in particle number. The other mechanisms, i.e., nuclea-
tion, air exchange and surface losses, influence both the number and mass of particles. Transient 
SOA formation (as in the Objectives 2 and 3 experiments) can be divided into three stages, as 
shown in Figure 6-1.  
 
 
 
 
Figure 6-1. Number and mass concentrations of particles formed during the transient release of 
ozone and limonene in the ventilated chamber (Experiment E5 in limonene ozonolysis experi-
ments). 
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The first stage is the primary nucleation stage, where the initial SOA clusters are formed due 
to ozone + limonene reactions. At the end of this relatively short stage, the SOA number reaches a 
peak value. During this stage, other mechanisms such as coagulation, deposition, and air exchange 
also affect the particle number concentration; however, nucleation is the dominant mechanism. 
During the second primary partitioning stage, ozone + limonene reactions are still occurring but 
nucleation becomes less important as particle growth due to partitioning dominates. Also, coagu-
lation still often occurs, along with simultaneous deposition and air exchange losses. In the third 
and final primary loss stage, number and mass concentration both decrease as particles are lost due 
to air exchange and surface deposition primarily, and formation mechanisms of any sort (i.e., num-
ber or mass) have mostly ceased since reactions tend to stop occurring due to one or both reactants 
being exhausted. 
Furthermore, as shown in Figure 6-2, which is a contour plot that shows the size distribu-
tion evolution, the GM and GSD of the SOA size distribution at each stage also changes. In the 
first stage, particles of very small size are formed, which then grow larger during the rest of the 
first stage, as well as during the second stage, and then reach a near stable GM value during the 
third stage. Different factors, including the air exchange rate and initial reactant concentrations, are 
important in the evolution of the number and size distribution of formed SOA.  
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Figure 6-2. Contour plot of particles formed during the transient release of ozone and limonene in 
the ventilated chamber. Data is taken from E.2 in limonene ozonolysis experiments. 
 
 
 
The goal of the developed model is to predict the evolution of SOA formed during transient 
release and subsequent ozonolysis of terpenes, such that the model can accurately predict the evo-
lution of the SOA mass, number, and size distribution GM and GSD. This model would be useful 
to future research because it will allow probing and understanding of how the size distribution 
changes due the relative contributions of various mechanisms (i.e., coagulation, condensation, wall 
loss, air exchange). The model development and its evaluation are described below.  
6.2. Model development 
Limonene ozonolysis experiments from Objective 2 were used to tune and then evaluate 
the model. The experimental procedure was explained fully in Chapter 3, but I briefly describe it 
here: in a 1-m3 stainless steel chamber system operated as a well-mixed, continuous flow mixed 
reactor (CMFR) initially free from ROGs and aerosols, ozone was generated (Absolute Ozone 
NANO) until it reached a desired concentration. Then, a limonene solution was injected with a 
syringe pump for one minute at a certain rate that would yield its desired concentration in the 
chamber. The size distributions of the produced SOA were measured in one-minute intervals by 
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using a Fast Mobility Particle Sizer (FMPS, TSI 3091), while ozone (1 min averages, 2B Technol-
ogies 205) and terpene concentrations (every ~20 min, GC-FID, SRI Instruments) were also meas-
ured.  
The SOA formation in our transient experiments followed the trends discussed above in re-
lation to Figure 6-1. Though nucleation occurred at some rate over most of the reaction process, it 
is a very strong mechanism near the reaction commencement, and after the appearance of nuclei, 
other processes such as partitioning and coagulation dominated. The purpose of this Objective 4 
was to develop a model of the evolution of the SOA size distribution, with a strong focus on im-
proving partitioning predictions. It did not have the goal of advancing nucleation theory, which is 
a separate and complex topic. As such, the starting point of the model is after the primary nucleation 
has produced the peak SOA number with a size distribution of certain GM and GSD (i.e., at the 
end of Stage 1).  
When considering the mechanisms of coagulation, partitioning, air exchange, and surface 
deposition, the governing equation is a form of the continuous general dynamic equation, as in: 
𝜕𝜕𝑛𝑛(𝑣𝑣, 𝑡𝑡)
𝜕𝜕𝑡𝑡
= 12� 𝐾𝐾(𝑣𝑣 − 𝑞𝑞, 𝑞𝑞) 𝑛𝑛(𝑣𝑣 − 𝑞𝑞, 𝑡𝑡)𝑛𝑛(𝑞𝑞, 𝑡𝑡)𝑑𝑑𝑞𝑞𝑣𝑣−𝑣𝑣0𝑣𝑣0
− 𝑛𝑛(𝑣𝑣, 𝑡𝑡)� 𝐾𝐾(𝑣𝑣, 𝑞𝑞)𝑛𝑛(𝑞𝑞, 𝑡𝑡)𝑑𝑑𝑞𝑞∞
𝑣𝑣0
−
𝜕𝜕
𝜕𝜕𝑣𝑣
[𝐼𝐼𝑣𝑣(𝑣𝑣, 𝑡𝑡) 𝑛𝑛(𝑣𝑣, 𝑡𝑡)]
− 𝜆𝜆 𝑛𝑛(𝑣𝑣, 𝑡𝑡) − 𝛽𝛽SOA(𝑣𝑣) 𝑛𝑛(𝑣𝑣, 𝑡𝑡) 
Eq.(6-1) 
where n(v,t) (m-3) is the number of particles with volume (m3) within v and (v + dv) at time t (s); 
v 0  and (v – v 0  ) are volumes of two colliding particles and v is the volume of the resulting particle; 
K is the coagulation kernel, and it depends on sizes of the two colliding particles; I v  (v,t) (m3/s) is 
the condensation rate, and it depends on the particle size and also gaseous compound characteristics 
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such as diffusivity and molecular weight; λ (s-1) is the air exchange rate; and β SOA(v) (s-1) is the 
particle deposition to surfaces and it depends on the size of the particle, as well as surface and 
airflow characteristics.  
The left hand side of Eq.(6-1) is the time rate of the change in the number of particles of 
volume v. On the right hand side, the first and the second terms correspond to coagulation gains 
and losses, respectively. The coefficients 1 and ½ in the coagulation gain and loss terms are only 
valid for a monodisperse distribution, which will be explained in detail later. The third term is 
partitioning due to net condensation; the fourth term is air exchange loss; and the last term is to 
particle loss due to surface deposition. As explained qualitatively above, Eq.(6-1) will be solved 
with the following initial condition: n(v, 0) = n max(v); where n max(v) is the peak SOA number con-
dition and is represented by a measured distribution with a particular GM and GSD. 
To solve the integro-differential equation, it was discretized. As mentioned earlier, the in-
tegro-differential equation is valid for monodisperse distribution, where the volume in bin k is the 
volume in the smallest bin multiplied by k. Such a distribution requires a large number of bins, 
which is computationally intensive; for our model range of 5.6 to 560 nm, it would require 106 bins. 
So instead, we use a volume-ratio distribution, in which the volume in the next bin is defined by 
multiplying the volume in the previous bin by a constant “volume ratio”, or VR (Jacobson, 2005). 
Smaller ratios lead to more bins, which increases accuracy. In a monodisperse size distribution, 
when a particle grows either due to coagulation or partitioning, the resulting particle will have a 
certain volume corresponding to one bin size. However, in a volume ratio size distribution, the 
resulting particle may have a volume that can be distributed between the lower and upper bins. I 
discretized Equation 6-1 and modified it to represent change in the volume of particles, v, rather 
than the particle number, as follows: 
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𝑉𝑉𝑘𝑘,𝑡𝑡 − 𝑉𝑉𝑘𝑘,𝑡𝑡−∆𝑡𝑡
∆𝑡𝑡
= ��𝑅𝑅𝑖𝑖,𝑗𝑗,𝑘𝑘 𝐾𝐾𝑖𝑖,𝑗𝑗 𝑉𝑉𝑖𝑖,𝑡𝑡𝑘𝑘−1
𝑖𝑖=1
𝑘𝑘
𝑗𝑗=1
 𝑛𝑛𝑗𝑗,𝑡𝑡
−��1 − 𝑅𝑅𝑘𝑘,𝑗𝑗,𝑘𝑘� 𝐾𝐾𝑘𝑘,𝑗𝑗 𝑛𝑛𝑗𝑗,𝑡𝑡  𝑉𝑉𝑘𝑘,𝑡𝑡𝑁𝑁𝑁𝑁
𝑗𝑗=1
+ �  𝑛𝑛𝑗𝑗,𝑡𝑡 𝑣𝑣𝑘𝑘
∆𝑡𝑡
 𝑔𝑔𝑗𝑗,𝑘𝑘,𝑡𝑡 − � 𝑛𝑛𝑘𝑘,𝑡𝑡𝑣𝑣𝑘𝑘∆𝑡𝑡 𝑔𝑔𝑘𝑘,𝑗𝑗,𝑡𝑡𝑁𝑁𝑁𝑁
𝑗𝑗=𝑘𝑘+1
− ( 𝜆𝜆 + 𝛽𝛽𝑆𝑆𝑆𝑆𝑆𝑆,𝑘𝑘)𝑘𝑘−1
𝑗𝑗=1
𝑉𝑉𝑘𝑘,𝑡𝑡 
Eq.(6-2) 
where V k,t  (m3) is the volume of particles in bin k at time t and is equal to the number of particles, 
n k,t , times the volume of a single particle, v k ; Δt (s) is the time step; K i,j  is the coagulation coeffi-
cient between two colliding particles from bins i and j; λ (s-1) is the air exchange rate; and β SOA, k  
(s-1) is the particle deposition rate of bin k.  
On the right-hand side of Eq.(6-2), the first two terms represent gain and loss due to coag-
ulation, respectively. f i,j,k  is a coefficient that can be between 0 and 1 and describes the ratio of 
particles that generated from particles in bins i and j and end up in bin k.  The second two terms 
represent gain and loss due to partitioning, respectively. The gain in the particle volume in bin k 
due to partitioning is the sum of particles from smaller bins (bin 1 to up to bin k) that grow due to 
partitioning and enter bin k. The total volume entering from a smaller bin j is the product of the 
particle number in that bin at time t, n j,t , and the volume of a single particle in bin k, v k . The 
particle loss rate from bin k due to partitioning is the sum of particles in bin k that grow and leave 
bin k and will move to bins bigger than bin k. The total volume of particles leaving bin k and going 
to bin j is the product of number of particles in bin k at time t, n k,t , and volume of a single particle 
in bin k. The g j,k,t  is a coefficient that describes the ratio of particles from bin j that will go to bin 
kdue to partitioning at time t. The last term represents the losses due to air exchange and surface 
deposition, respectively.  
83 
 
Since I used a volume-ratio distribution in this model, when particles grow either due to 
coagulation or partitioning, the volume of the resulting particle may not correspond precisely to 
one unique bin. Therefore, this resulting volume can be distributed between upper and lower bins; 
f i,j,k  and  g j,k,t , are volume fractions for coagulation and partitioning, respectively, and are between 
0 and 1. The coagulation volume fraction, f i,j,k , for bin k is: 
𝑅𝑅𝑖𝑖,𝑗𝑗,𝑘𝑘 =
⎩
⎪
⎪
⎪
⎨
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𝑣𝑣𝑘𝑘−1 < 𝑉𝑉𝑖𝑖,𝑗𝑗 < 𝑣𝑣𝑘𝑘 
 
𝑣𝑣𝑘𝑘 ≤ 𝑉𝑉𝑖𝑖,𝑗𝑗 
 All other cases 
k < NB 
 
 
k > 1 
 
k = NB  
 
 
Eq.(6-3) 
where NB is the total number of bins. For partitioning, assuming that dv j,t  is the volume that parti-
tions to a particle in bin j at time span dt, the resulting particle will have volume of V j,t = v j + dv j,t ., 
and the partitioning volume fraction, g i,j,k , for bin k is: 
𝑔𝑔𝑗𝑗,𝑘𝑘,𝑡𝑡 =
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𝑣𝑣𝑘𝑘 ≤ 𝑉𝑉𝑀𝑀𝑗𝑗,𝑡𝑡 
All other cases 
k < NB 
k > 1  
k = NB 
 
Eq.(6-4) 
Unlike the coagulation volume fractions, f i,j,k , which are constant during the experiment, the parti-
tioning volume fractions, g j,k,t , change as the rate of SOA formation (i.e., dv/dt) changes.  
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For the partitioning element and more specifically to estimate g j,k,t , it is necessary to deter-
mine the condensation rate, dv j,t /dt, which is the rate of the transfer of condensable material from 
the gas to aerosol phase. The common practice uses Fick’s first law of diffusion for individual SOA 
precursors, but it requires detailed knowledge of the complex chemistry that produces those pre-
cursors, as well as their individual vapor pressures, diffusivities, and molecular weights. It is shown 
in Eq.(6-5). 
d𝑣𝑣𝑗𝑗d𝑡𝑡 = 2𝜋𝜋𝑑𝑑p,𝑗𝑗𝐷𝐷𝑀𝑀𝜌𝜌𝑅𝑅𝑅𝑅 𝑅𝑅(𝐾𝐾𝑛𝑛,𝛼𝛼)(𝑃𝑃 − 𝑃𝑃eq) Eq.(6-5) 
where dv j /dt (m3/s) is the volume transfer rate of a SOA precursor from the gas to particle phase 
for a particle with diameter d p,j ; D (m2/s) is the diffusion coefficient of the precursor in air; M 
(kg/kmol) and ρ (kg/m3) are its molecular weight and density; and f (Kn, α) is the correction due to 
non-continuum effects and imperfect surface accommodation. The difference between P (Pa), the 
vapor pressure of the SOA precursor far from the particle, and P eq (Pa), the equilibrium vapor 
pressure is the driving force (P – P eq ) for the transport of the SOA precursor from the gas to particle 
phase.  
To simplify the need for information of gas phase chemistry and precursor transfer param-
eters, I instead use the well-constrained aerosol mass fraction (AMF) model framework to deter-
mine the total volume of SOA produced at time t. As discussed in Objectives 1-3, AMF is the ratio 
of the amount of SOA produced, to that of the reactive organic gas reacted, (Grosjean and Seinfeld, 
1989, Pandis et al., 1992, Pandis et al., 1993). AMF is not constant and it increases as more organic 
aerosol is formed. It indicates the strength of SOA formation for some amount of oxidized organic 
compound and is determined experimentally. By using experimental AMFs determined in Objec-
tives 2 and 3, I can find the total amount of SOA produced as follows: 
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d𝑉𝑉d𝑡𝑡 = AMF ∙ 𝑘𝑘O3∙terp𝐶𝐶O3,𝑡𝑡𝐶𝐶terp,𝑡𝑡𝛤𝛤𝜌𝜌SOA  Eq.(6-6) 
where k O3-terp  (ppb-1 s-1) is the reaction rate constant of ozone and d-limonene; C O3,t  and C terp,t  (ppb) 
are the ozone and d-limonene concentrations at time t; ρ SOA is the SOA density (kg/m3), taken to 
be a unit density in the AMF determinations in Objectives 2 and 3; and Γ is the temperature-
dependent conversion factor to change from ppb to kg/m3.  
Equating the total amount of partitioning dV to the summed amount of SOA that partition 
on particles in each bin j, over a time span, dt, is as follows: 
d𝑉𝑉d𝑡𝑡 = �𝑛𝑛𝑗𝑗,𝑡𝑡 d𝑣𝑣𝑗𝑗,𝑡𝑡d𝑡𝑡𝑁𝑁𝑁𝑁
𝑗𝑗=1
 Eq.(6-7) 
where n j,t  is the number of particles in bin j at time t with the diameter d p,j  and dv j,t is the volume 
of SOA that  partition over particles in bin j at time t. 
Combining Eqs.(6-5) to (6-7) gives the volume of condensable material that partitions to a 
particle with diameter d p , i  as follows: 
d𝑣𝑣𝑗𝑗,𝑡𝑡d𝑡𝑡 = 𝑑𝑑p,𝑗𝑗 ∙  𝑅𝑅(𝐾𝐾𝑛𝑛,𝛼𝛼)∑ 𝑛𝑛𝑗𝑗,𝑡𝑡𝑁𝑁𝑁𝑁𝑗𝑗=1 .∙ 𝑑𝑑p,𝑗𝑗 ∙ 𝑅𝑅(𝐾𝐾𝑛𝑛,𝛼𝛼)  ∙ AMF ∙ 𝑘𝑘O3∙terp𝐶𝐶O3,𝑡𝑡𝐶𝐶terp,𝑡𝑡𝛤𝛤 Eq.(6-8) 
Unlike Eq.(6-5), which is for individual precursors that may be unknown and require 
knowledge of variables such as D, M, and P eq , all parameters in Eq.(6-8), including relevant parti-
cle diameters, ozone and terpene concentrations, AMF values, and f (Kn, α), are known, either by 
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theoretical or experimental means. To find f (Kn, α), I used the equation suggested by Fuchs, as 
follows: 
𝑅𝑅(𝐾𝐾𝑛𝑛,𝛼𝛼) = 0.75 𝛼𝛼(1 + 𝐾𝐾𝑛𝑛 )0.75 𝛼𝛼 + 𝐾𝐾𝑛𝑛 + 𝐾𝐾𝑛𝑛2 Eq.(6-9) 
where Kn is the Knudsen number and α is the accommodation coefficient. The Knudsen number is 
the ratio of the mean free path of the particle, which is the length that an entity travels before it 
collides with an air molecule, and the particle diameter. The mean free path for a particle is: 
Mean free path =  3𝐷𝐷p
𝐶𝐶?̅?𝑆
 Eq.(6-10) 
where D p  is the diffusivity of a particle with diameter d p  and C A  is its mean speed.  
The f (Kn, α) is shown as a function of particle diameter in Figure 6-3. As mentioned, f 
(Kn, α) is the correction due to non-continuum effects and surface imperfections, and it depends on 
interplay of the particle’s diameter and its mean free path. When the diameter of a diffusing particle 
is bigger than the mean free path of the air, the air may be treated as a continuum; in other words, 
the diffusing particle is surrounded completely by air molecules and in every movement the particle 
makes, it hits air molecule. The accommodation factor, α, can have a value between 0 and 1, and it 
is assumed as α = 1, which is realistic according to reported values (Julin et al., 2014). A value of 
1 indicates that when a condensable molecule from gas phase encounters the aerosol surface, it 
sticks to the surface with the probability of sticking equal to unity. 
Furthermore, according to Eq.(6-8), the distribution of gas phase compounds to the aerosol 
phase proceeds as a function to the particles’ diameters. In order to improve the model performance, 
I tested it at different values for a power term, x, applied to the particle diameter in Fick’s law, i.e., 
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as in d p x. Though this alteration is predominately a tuning parameter, it is nevertheless grounded 
in a physical concept of the changing strength of the condensation mechanism as being dependent 
on particle size (i.e., x = 1), surface area (x = 2), or volume (x = 3).  
 
 
 
 
 
 
Figure 6-3. Kn number and f (Kn, α) as a function of the particle diameter for the range of the for-
mation experiments herein (5.6 to 560 nm). 
 
 
 
For coagulation, I do not propose any new framework, but instead, I apply well-established 
theories to calculate these coefficients in the model, which I explain in more detail in the next sub-
section. To predict the particle deposition loss rate to surfaces. I used the experimental measure-
ments, performed in each experiment, as discussed in Objective 2. To solve Eq.(6-2), I used an 
explicit solution where I replace n j,t  and v j,t  on the right side of the equation by nj,t-Δ t  and v j,t-Δ t  
as follows: 
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𝑉𝑉𝑘𝑘,𝑡𝑡 − 𝑉𝑉𝑘𝑘,𝑡𝑡−∆𝑡𝑡
∆𝑡𝑡
= ��𝑅𝑅𝑖𝑖,𝑗𝑗,𝑘𝑘  𝐾𝐾𝑖𝑖,𝑗𝑗 𝑉𝑉𝑖𝑖,𝑡𝑡−∆𝑡𝑡𝑘𝑘−1
𝑖𝑖=1
𝑘𝑘
𝑗𝑗=1
 𝑛𝑛𝑗𝑗,𝑡𝑡−∆𝑡𝑡
−��1 − 𝑅𝑅𝑘𝑘,𝑗𝑗,𝑘𝑘� 𝐾𝐾𝑘𝑘,𝑗𝑗 𝑛𝑛𝑗𝑗,𝑡𝑡−∆𝑡𝑡 𝑉𝑉𝑘𝑘,𝑡𝑡−∆𝑡𝑡𝑁𝑁𝑁𝑁
𝑗𝑗=1
+ �  𝑛𝑛𝑗𝑗,𝑡𝑡−∆𝑡𝑡 𝑣𝑣𝑘𝑘
∆𝑡𝑡
 𝑔𝑔𝑗𝑗,𝑘𝑘,𝑡𝑡 − � 𝑛𝑛𝑘𝑘,𝑡𝑡−∆𝑡𝑡𝑣𝑣𝑘𝑘∆𝑡𝑡 𝑔𝑔𝑘𝑘,𝑗𝑗,𝑡𝑡−∆𝑡𝑡𝑁𝑁𝑁𝑁
𝑗𝑗=𝑘𝑘+1
− ( 𝜆𝜆𝑘𝑘−1
𝑗𝑗=1+ 𝛽𝛽𝑆𝑆𝑆𝑆𝑆𝑆,𝑘𝑘)𝑉𝑉𝑘𝑘,𝑡𝑡−∆𝑡𝑡 
Eq.(6-11) 
Furthermore, this numerical solution also requires finding the volume-ratio (VR) for the 
particle size bins. Smaller VRs lead to more bins, increasing accuracy. However, smaller VRs and 
more bins require more computational power. To find a reasonable VR for the model, I ran the 
model with various values of VR and compared the results with experimental values.  
6.2.1. Coagulation coefficient calculation 
The coagulation coefficient, which depends on the colliding particles’ diameters, can be 
affected by several forces: Brownian motion, convective Brownian motion enhancement, gravita-
tional collection, turbulent inertial motion, turbulent shear, and van der Waals forces. The coagu-
lation coefficient is the sum of coefficient regarding each of the above forces (Jacobson, 2005). For 
the most general case, which is coagulation due to the Brownian motion, the coagulation coefficient 
is: 
𝐾𝐾12 = 2𝜋𝜋 �𝑑𝑑p1 + 𝑑𝑑p2��𝐷𝐷p1 + 𝐷𝐷p2�𝛽𝛽 Eq.(6-12) 
where d p1  and d p2  are the diameters of the two colliding particles and D p1  and D p2  are diffusivities 
of the two particles in the air and β is a coefficient to account the for the fluid regime (e.g., in the 
continuum regime it is equal 1). Particle diffusivity can be estimated by the following equation: 
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𝐷𝐷p𝑗𝑗 = 𝐾𝐾𝑁𝑁𝑅𝑅3𝜋𝜋𝜋𝜋𝑑𝑑p,𝑗𝑗 �5 + 4𝐾𝐾𝑛𝑛𝑗𝑗 + 6𝐾𝐾𝑛𝑛𝑗𝑗2 + 18𝐾𝐾𝑛𝑛𝑗𝑗35 −𝐾𝐾𝑛𝑛𝑗𝑗 + (8 + 𝜋𝜋)𝐾𝐾𝑛𝑛𝑗𝑗2 � Eq.(6-13) 
where K B is the Boltzmann constant; Kn j  is the Knudsen number for a particle with diameter d p,j ; 
and μ is the air viscosity. The coagulation coefficient for particles up to 10 µm is shown in Figure 
6-4. When particles have similar diameters, they have the smallest coagulation coefficient. Figure 
6-5 shows a contourplot of the coagulation kernel for the experimental range of particles (5 to 560 
nm). 
 
 
 
 
Figure 6-4. Brownian coagulation coefficient for particles with dp1 and dp2 diameters. To inter-
pret this plot, find the smaller particle diameter on the abscissa and then locate the line that corre-
sponds to the larger particle diameter.  
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Figure 6-5. Brownian coagulation kernel for experimental range of SOA diameters (5.6 to 560 
nm). 
 
 
6.3. Results and Discussion 
The experimental data from Objective 2 (SOA formed by limonene ozonolysis) was used 
to tune and then statistically evaluate the model. Table 6-1 lists the experimental conditions for the 
model, including the initial concentrations of ozone and limonene, air exchange rates, SOA depo-
sition loss rates, number concentrations at the peak, and their corresponding geometric means (GM) 
and geometric standard deviations (GSD). As mentioned earlier, the number peak is the starting 
point of the model, and the number concentration and its size distribution characteristics at this 
point in each experiment is introduced to the model as an initial condition. 
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Table 6-3. Experimental conditions: initial concentrations of ozone and limonene, air exchange 
rate, SOA deposition lost rate, number and mass concentrations at the peak and the corresponding 
geometric mean (GM) and geometric standard deviation (GSD). 
 
Exp. 
ID 
Air exchange 
rate 
(h-1) 
 
Initial 
O 3 
(ppb) 
 
Initial limonene 
(ppb) 
 
Exp 
β SOA 
(h-1) 
Initial number 
concentration 
(#/cm3) 
 
GM 
(nm) GSD  
 E1 0.53 45 422 0.15 317,901 37 1.5  
 E2 0.52 45 119 0.32 287,805 31 1.6  
 E3 0.52 45 67 0.28 107,318 35 1.5  
 E4 0.53 295 20 0.19 148,867 40 1.7  
 E5 0.53 195 30 0.25 165,180 46 1.4  
 E6 0.53 94 35 0.32 107,527 50 1.4  
 E7 0.26 41 428 0.43 137,165 65 1.5  
 E8 0.27 46 275 0.36 92,918 65 1.5  
 E9 0.31 45 118 0.34 154,923 35 1.5  
 E10 0.28 300 243 0.23 517,218 70 1.5  
 E11 0.30 192 72 0.18 144,500 67 1.5  
 E12 0.26 95 122 0.21 162,059 55 1.5  
 E13 0.95 45 663 0.47 85,686 41 1.5  
 E14 0.95 45 131 0.10 23,122 72 1.4  
 E15 0.96 45 67 0.45 27,904 55 1.5  
 E16 0.96 295 58 0.16 264,731 35 1.5  
 E17 0.95 195 34 0.18 99,172 37 1.5  
 E18 0.97 95 42 0.24 70,967 37 1.5  
 
 
 
The general dynamic equation, Eq.(6-2), was solved by using an explicit method, with the 
discrete form shown in Eq.(6-9). For explicit methods, the state of the system at the current time is 
obtained by using data of the system at the previous time, unlike implicit methods that require the 
current time data. (Implicit methods are more complicated and computentionally intensive.) The 
algorithm for solving the general dynamic equation is demonstrated in Figure 6-5.  
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Figure 6-6. The algorithm used to solve the integro-differential equation 
 
 
 
First, the model was solved using the exact form listed in the above equations, for all 18 
experiments. An example of the model predictive performance for experiment E2 is shown in Fig-
ure 6-7, and the trends discussed for E2 were indicative of all 18 experiments. As shown in Figure 
6-7b, the resulting number concentrations predicted by the model were in excellent agreement with 
experimental values. However, the GMs of the predicted SOA size distributions were larger than 
the measured ones, as demonstrated for Experiment E2 in Figure 6-7a. At the beginning of Exper-
iment E2, before the formed SOA reached its maximum mass concentration, the predicted GM was 
in good agreement with the experiment. Yet, as SOA formation continued, the model predicted 
larger growth for particle diameters than actually occurred. Additionally, Figures 6-7 c and d 
demonstrate contour plots of the experimental and the modeled results.  
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Figure 6-7. Model results vs. experimental data for E2. a) Modeled GM vs. experimental GM, b) 
Modeled mass concentration vs. experimental mass concentration, c) experimental contour plot 
and d) model results contour plot. 
 
 
 
Though this figure illustrates that the model was capable of predicting the size-distribution 
evolution reasonably well, I attempted to tune model performance by adjusting partitioning aspects 
of the theoretical equations used for its prediction. As discussed earlier, the partitioning mechanism 
does not affect the particle number, and it only affects particle size. Therefore, since the time evo-
lution of total number of particles was in good agreement with the experimental values and it was 
the size of the particles that differed, I hypothesized that method of distributing the condensable 
products in the model did not reflect the experiment perfectly, i.e., that of Eq.(6-8), which used 
Fick’s first law to model transfer of SOA precursors from the gas phase to the aerosol surface.  
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As discussed in model development section, in order to improve the model performance, I 
tested different values for a power term, x, applied to the particle diameter in Fick’s law, i.e., as in 
d p x. This tuning power was optimized to best recreate the experimental data, and Figure 6-8 shows 
a few examples, along with its best estimate, again for Experiment E2. Figure 6-8a illustrates a 
contour plot of the experimental data, while Figures 6-8b to 6-8e illustrate the model results for 
cases where the power was, respectively, x = 1, 2, 2.8 and 4. Additionally, Figure 6-8f demonstrates 
the experimental and predicted GMs for these cases. As seen in these plots, as the power x increases, 
the GM of the particles decreases. Moreover, increasing the power results in larger GSDs, so as the 
power increases, the contour plots spreads vertically. The power x = 2.8 is shown because it was 
the one that yielded the best agreement between real and modeled data, over all 18 experiments.  
 
 
 
 
Figure 6-8. Effect of the power on model results: a) Contour plot of E2, b) contour plot of model 
results with power = 1, c) contour plot of model results with power = 2, d) contour plot of model 
results with power = 2.8, e) contour plot of model results with power = 4 and f) Experimental GM 
and modeled results of GM for different powers. 
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As an example of the agreement for other experiments using this optimized power, Figure 
6-9 illustrates the results using the power of x = 2.8 for modeled and measured results from limo-
nene ozonolysis, at three different experiments other than Experiment E2.  Specifically, it shows 
results for one experiment performed at each of the three air exchange rate conditions, including 
the moderate AER = 0.53 h-1 (Experiment E5), the low AER = 0.28 h-1 (Experiment E11), and the 
high AER = 0.96 h-1 (Experiment E17). For these three cases, the initial concentrations of reactants 
were very similar. As shown in Figure 6-9, at all three AERs, the model very well reproduces the 
experimental trends.  
 
 
Figure 6-9. Model results vs experimental results for (a-c) E5, (d-f) E11, and (g-i) E17, for the 
SOA number, mass, and size-distribution GM.  
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Beyond the power tuning, the numerical solution also required finding the volume-ratio 
(VR) for the particle size bins to solve the integro-differential equation, as discussed in the Meth-
odology. Smaller VRs lead to more bins, increasing accuracy. However, smaller VRs and more 
bins require more computational power. Jacobson (2005) has reported that using a VR = 1.2 to 
numerically solve the general dynamic equation for particle coagulation (in the absence of parti-
tioning or other mechanisms) resulted in a size distribution comparable to analytical solutions for 
coagulation. To find a reasonable VR for my model, I ran it with various values of VR and com-
pared the results with experimental values. Results of this analysis for E6 are demonstrated in Fig-
ure 6-10. 
 Figure 6-10. The effect of VR on model results. As the VR decreases, the model predictions bet-
ter approach the experimental results.  
 
 
In Figure 6-10, the SOA mass concentration and GM for Experiment E6 and the model re-
sults with several values of VR, starting from VR = 2, are shown. As the VR decreases, the model 
predictions approach the experimental results, as expected. The VR = 1.2 resulted in 76 bins and, 
as suggested by Jacobson (2005), it generated results very close to the experiment; however, as 
shown in Figure 6-10a, the mass concentration predicted by the model is somewhat higher than the 
experimental values, particularly during the last stage of the experiment after the occurrence of the 
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peak mass concentration. As the VR decreased, better agreement between the model and experi-
ment was observed.  
Very similar results were yielded when the VR = 1.04, which is the dark blue line Figure 6-
10, and the VR = 1.05, which is the green blue line. However, VR = 1.04 and VR = 1.05 correspond 
to large differences in the number of discrete bins, at 353 and 284 bins, respectively. When the VR 
= 1.04, the computing time was considerably higher than VR = 1.05, and as shown in Figure 6-10, 
further decreasing of the VR did not modify the result significantly. Therefore VR = 1.05 was 
chosen for model validation. 
Over all experiments, statistical tests were used to quantify the model performance with 
the power x = 2.8 and VR = 1.05. Particularly, performance was quantified following the methods 
of ASTM D5157-97 (1991), Standard Guide for Statistical Evaluation of Indoor Air Quality Mod-
els. This standard specifically recommends evaluating predictive performance using the metrics of 
the normalized mean square error (NMSE) and fractional bias (FB).  
The normalized mean square error (NMSE) is a measure of the variation in the predicted 
values by the model and the observed values in an experiment, and it is calculated as follows:  
NMSE =  �𝐶𝐶𝑝𝑝 − 𝐶𝐶𝑜𝑜�2[𝐶𝐶𝐶𝐶𝑎𝑎𝑣𝑣𝑎𝑎𝐶𝐶𝐶𝐶𝑎𝑎𝑣𝑣𝑎𝑎] Eq.(6-14) 
�𝐶𝐶𝑝𝑝 − 𝐶𝐶𝑜𝑜�
2 = ��𝐶𝐶𝑝𝑝,𝑖𝑖 − 𝐶𝐶𝑜𝑜,𝑖𝑖�2
𝑁𝑁
𝑁𝑁
𝑖𝑖=1
 Eq.(6-15) 
𝐶𝐶𝐶𝐶𝑎𝑎𝑣𝑣𝑎𝑎 = �𝐶𝐶𝑝𝑝,𝑖𝑖𝑁𝑁𝑁𝑁
𝑖𝑖
 Eq.(6-16) 
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𝐶𝐶𝐶𝐶𝑎𝑎𝑣𝑣𝑎𝑎 = �𝐶𝐶𝑜𝑜,𝑖𝑖𝑁𝑁𝑁𝑁
𝑖𝑖
 Eq.(6-17) 
where C p,i  and C o,i  are predicted and observed values, respectively; N is total number of observa-
tions; and Co ave  and Cp ave  are the means of the observed and predicted values, respectively.  
If observed values are different from predicted values by ~50%, the NMSE would be near 
0.2, and if there is ~100% difference, it would be near 0.5; for classification of acceptable model 
performance, the NMSE  must be smaller than 0.25 according to ASTM D5157-97 (1991). For the 
18 experiments, the NMSE was determined for the SOA number and mass concentrations, as well 
as the GM and GSD of size distributions, using the real and predicted values at each minute of the 
experiment. Table 6-2 lists the means of those NMSE for each experiment. For the number and 
mass concentrations, the mean values of NMSE are 0.047 and 0.010, respectively; moreover, the 
NSME ranged from 0 to 0.169 for number concentration predictions and from 0.001 to 0.073 for 
mass concentration predictions. For the GM predictions, the mean NMSE was 0.004 and it ranged 
from 0 to 0.0125. For the GSD, the mean NMSE was 0.0065, and it ranged from 0 to 0.021. There-
fore, as the means and ranges of the NMSE values show, the model is capable of predicting the 
observed values within an acceptable proximity to the observed experimental values. 
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Table 6-4. Model performance: NMSE and FB values for the 18 limonene experiments.  
Exp. 
ID 
Number 
Concentration 
 Mass 
Concentration 
 Geometric 
Mean 
 Geometric 
Standard Deviation 
 NMSE FB  NMSE FB  NMSE FB  NMSE FB 
E1 0.011 -0.015  0.015 -0.081  0.004 -0.007  0.001 0.013 
E2 0.036 -0.123  0.002 0.038  0.005 -0.006  0.017 0.126 
E3 0.045 -0.194  0.005 0.006  0.002 0.002  0.014 0.114 
E4 0.14 -0.15  0.004 -0.007  0.004 -0.012  0.021 0.072 
E5 0.077 -0.114  0.011 0.035  0.005 0.009  0.010 0.045 
E6 0.097 -0.009  0.002 0.11  0.001 -0.005  0.013 0.051 
E7 0.045 -0.097  0.002 0.009  0.008 0.040  0.001 -0.008 
E8 0.022 -0.060  0.018 0.012  0.007 0.041  0.002 0.015 
E9 0.086 -0.031  0.007 -0.021  0.004 -0.009  0.004 0.058 
E10 0.060 0.052  0.006 -0.044  0.006 0.005  0.000 0.000 
E11 0.017 -0.073  0.003 0.027  0.002 0.027  0.001 0.014 
E12 0.169 0.262  0.014 0.085  0.0125 -0.094  0.005 0.049 
E13 0.008 -0.087  0.073 0.190  0.004 -0.014  0.012 0.108 
E14 0.001 -0.017  0.001 -0.010  0.001 -0.020  0.005 0.058 
E15 0.029 -0.163  0.006 -0.061  0.001 -0.031  0.003 0.047 
E16 0.014 -0.105  0.014 0.068  0.003 0.011  0.006 0.074 
E17 0.000 -0.008  0.002 0.004  0.001 -0.020  0.001 0.008 
E18 0.006 -0.068  0.002 -0.031  0.000 -0.007  0.001 0.009 
 
 
 
To quantify any systematic bias in the model predictions, ASTM D5157-97 recommends 
using the non-dimensional fractional bias, FB, which be calculated as follows:  
FB = 2 (𝐶𝐶𝐶𝐶𝑎𝑎𝑣𝑣𝑎𝑎 − 𝐶𝐶𝐶𝐶𝑎𝑎𝑣𝑣𝑎𝑎)(𝐶𝐶𝐶𝐶𝑎𝑎𝑣𝑣𝑎𝑎 + 𝐶𝐶𝐶𝐶𝑎𝑎𝑣𝑣𝑎𝑎) Eq.(6-18) 
When the predicted and observed values agree perfectly (i.e., an ideal mode), the FB = 0, and its 
full allowable range is between 2 and 2. Larger negative values of the FB indicate that the model 
under predicts, while positive values are an indication of over prediction in the model results.  
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Table 6-2 also lists the results of the FB metric on number and mass concentrations, as well 
as GM and GSD of the size distributions. For number and mass concentrations, the mean values of 
FB were 0.055 and 0.018 respectively, and it ranged from −0.194 to 0.262 for the number concen-
tration and from −0.081 to 0.19 for the mass concentration. The mean value of the FB for the GM 
is −0.005 and it ranged from −0.095 to 0.041. For the GSD, the mean FB was 0.047, and it ranged 
from −0.008 to 0.126. As these mean FB values show, the model has little systematic bias, except 
slightly for the GSD. Except for Experiment E7, with FB = −0.008, other FB for the GSD are 
positive. Although, these values are small, it indicates that the model slightly over predicts the GSD 
of SOA formation. 
6.4. Conclusions of Objective 4 
While the major focus of Objectives 1–3 of this dissertation was the mass concentration of 
SOA, this Objective 4 concentrated on the number and the size of the generated SOA. This work 
considered different mechanisms that impact that affect size and number of particles formed in-
doors (including partitioning, coagulation, surface deposition, and air exchange) simultaneously to 
predict the time evolution of the size distribution.  
As such, Objective 4 developed and presented a model to predict the SOA size evolution due 
to ozonolysis of limonene in indoor settings with air exchange. In this model, the framework of the 
aerosol mass fraction (AMF), which was presented and discussed extensively in Objectives 1–3, 
was integrated with Fick’s first law to predict the amount of SOA precursors that partition onto 
available SOA of various diameters. The AMF is the ratio of the mass of the produced SOA and 
the mass of the consumed parent hydrocarbon, and it is easy to predict and use, so this method 
provides a practical and tractable solution to use to predict the evolution of the SOA size distribu-
tion.  
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The experimental data from Objective 2 was used to refine and then evaluate the perfor-
mance of the optimized model. Good agreement between modeled and measured results was ob-
tained by tuning two parameters. The first was the power of the particle diameter in the diffusion 
equation, which represents the representation of whether the partitioning of precursors to the aero-
sol phase is driven by the particle size, area, or volume. The second was the volume ratio for the 
numerical solution, which describes the bin size and how to distribute mass among the bins them-
selves.   
 To evaluate the model performance, I followed the ASTM D5157-97 method and deter-
mined the normalized mean square error (NMSE) and fractional bias (FB) to quantify the model 
accuracy (ASTM D5157-97, 1991). The evaluation showed that after tuning, the numerical solution 
that used the AMF framework along with Fick’s first law can be used to successfully predict SOA 
size evolution resulting from d-limonene ozonolysis indoors. Future work will use the model to 
quantify the size distribution evolution for a variety of settings and ozonolysis conditions.  
The fundamental goal in Objective 4 is to show that the AMF framework has the capability 
to be used in size evolution models. I showed that experimentally-determined AMFs can be used 
to predict amount of condensable material that partitions over available aerosols. Therefore, the 
focus of Objective 4 was partitioning, and the nucleation mechanism was not addressed in this 
chapter. To have a fully predictive model, it is required to also include nucleation, which can be 
included by using classical nucleation theory or empirical results (as herein). 
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Chapter 7: Conclusions 
 
The primary objective of this work was to expand knowledge of transient SOA formation 
indoors, with specific focus on the effect of the air exchange rate on that formation, and it focused 
particularly on the SOA that forms due to ozone + terpenoid reactions. Terpenoids are unsaturated 
reactive organic compounds used in consumer products due to their solvent characteristics or aro-
mas, or emitted from wooden furnishings to a lesser extent. Ozone is a strong oxidant that is present 
at elevated concentrations indoors when it is either transported from outdoors or emitted indoors 
by devices such as printers, photocopiers, and ion generators.  
The most widely known and important descriptor of semi-volatile aerosol mass formation is 
the aerosol mass fraction, AMF (a.k.a. the SOA yield). The AMF is the ratio of the produced SOA 
mass to the terpene mass oxidized, and it is not constant and increases concurrently with more 
organic aerosol availability. Prior to this work, the AMF was almost solely treated as constant 
within indoor predictive models, which limited their accuracy. So, the first main objective of this 
work was to develop an improved indoor formation model that could account for varying AMFs, 
which was validated with field and laboratory measurements in the literature. 
Furthermore, current available AMF data in the literature were largely from atmospheric stud-
ies and measured mostly in unventilated smog chambers for ozone-excess conditions, which is not 
realistic in most indoor settings. Therefore, the second main objective of this work was to determine 
the impact of the air exchange rate, AER (h-1), on the AMF owing to monoterpene ozonolysis. The 
air exchange rate (AER) is the measure of how frequently the indoor air is replaced by outdoor air 
in a space. Before this work, there was no available data in the literature that evaluated the impact 
of the AER on the AMF and on the aerosol size distribution.  
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This study had four Objectives as follows: (1) to develop a model framework to describe in-
door SOA formation from transient terpenoid ozonolysis with varying AMFs indoors, (2) and (3) 
to determine the dependence of the AMF on the AER and initial reactant concentrations for limo-
nene and pinene ozonolysis, respectively, and (4) to study the number concentration and size dis-
tribution evolution of SOA resulted from terpene ozonolysis, to develop a model to predict SOA 
formation due to terpene ozonolysis, and then to evaluate the model.  
Objective 1 began with a brief review on some available data of one- and two-product AMF 
models in the literature for the ozonolysis of indoor terpenoids including limonene and α-pinene. 
After that, I developed two models to predict SOA formed due to ozone/terpenoid reaction. The 
novelty of the models is that unlike previous models that have constant AMF values to predict SOA 
formation, in these models the AMF is not constant and it changes as total organic aerosol available 
indoors changes. These models were validated against experimental data from literature, which 
demonstrated that the models can effectively predict indoor SOA concentrations. Furthermore, a 
Monte-Carlo analysis indicated that the AMF and resulting SOA concentration is a strong function 
of the background organic particles and the indoor ozone concentration.  
Objectives 2 and 3 consisted of two experimental studies exploring the impacts of the AER 
and initial concentration on the AMFs describing SOA formed due to transient limonene and α-
pinene ozonolysis. Therefore, 18 and 19 experiments for limonene and α-pinene ozonolysis were 
performed, respectively, in a flow through system and at three different AER conditions. Ozone 
and each terpenoid were introduced to a stainless chamber of 1 m3 in a non-replenished manner and 
allowed to react. SOA, ozone and terpene concentrations, as well as temperature and humidity were 
recorded. As ozone and the terpene reacted, the SOA increased, peaked and then decreased due to 
air exchange and deposition, as well as because the SOA formation strength decreased as ozone 
and limonene/pinene reaction rates decreased.  
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For both sets of experiments, transient SOA formation was quantified for SOA formation re-
gions (before and after the peak) at low, moderate and high AERs at varying initial reactant con-
centration magnitudes and ratios. Objectives 2 and 3 resulted in two empirical equations that de-
scribe the AMF as a function of the AER and the initial reactant concentration products and ratios. 
As expected, the AMF values had a higher range for limonene than α-pinene. Furthermore, regres-
sion analysis showed that the limonene ozonolysis AMF was strongly negatively affected by AER; 
however, in α-pinene ozonolysis, the AER affected the AMF positively, but it was always less 
influential than at least one of the initial concentration predictors. Furthermore, the initial ozone-
to-limonene ratio was a strongly contributing positive factor, while the ozone-to-α-pinene ratio did 
not affect the AMF as strongly. 
For SOA formed due to limonene ozonolysis, the AMF increased as the AER decreased and 
the initial ozone-to-limonene ratio and (to a lesser extent, the product) increased. However, the 
strongest formation due to α-pinene ozonolysis occurred as both the AER increased and the initial 
ozone and α-pinene concentration product increased, in a manner such that the reactants were near 
each other in magnitude. These observed differences are predominately because limonene has two 
double bonds, one endocyclic and one exocyclic, and in the reaction with ozone, the endocyclic 
bond is attacked first. If the concentration of ozone is high, then the second, exocyclic double bond 
will also be oxidized within the aerosol phase, which lowers the volatility of the overall product 
suite and increases the realized AMF values. Therefore, increases in ozone-to-limonene ratios allow 
the increase of the reaction rate of ozone to that exo- bond in the aerosol phase, and increases in 
AERs reduce time for which those later generation reactions can occur; thus the time scales of these 
two mechanisms compete to affect formation. On the other hand, α-pinene has only one endocyclic 
double bond, so the initial ozone and α-pinene product dominates and formation is strongest when 
those compounds are at a one-to-one ratio. 
105 
 
This study highlighted that it is important to quantify indoor SOA formation with AMFs 
from experiments performed in chambers with air exchange and at initial ozone and terpenoid con-
centrations that reflect the real magnitudes of indoor sources. As such, using limonene ozonolysis 
AMFs determined in batch chambers with high ozone-to-limonene ratios may be inappropriate for 
indoor some SOA formation prediction. The accurate prediction of limonene ozonolysis SOA for-
mation relies on the relationships discussed, while α-pinene is much more predictable by using only 
the initial product of the α-pinene and ozone concentrations. Moreover, it is important to charac-
terize limonene correctly, since limonene ozonolysis has a greater potential to influence indoor 
SOA concentrations than α-pinene. 
While Objectives 1–3 of this dissertation focused on the mass concentration of SOA, Objec-
tive 4 concentrated on the number and the size of the generated SOA. It consisted of the develop-
ment of a model to predict the time evolution of the size distribution that included mechanisms of 
partitioning, coagulation, surface deposition, and air exchange simultaneously. Prior to this work, 
incorporating the partitioning mechanism into such a framework required a great deal of data about 
the gas phase reactions and the partitioning stage. 
To combat that difficulty of needing large amounts of complex data, in this model, the frame-
work of the aerosol mass fraction (AMF), which was presented and discussed extensively in Ob-
jectives 1–3, was integrated with Fick’s first law to predict the amount of SOA precursors that 
partition onto available SOA of various diameters. I used the experimental data from Objective 2 
to evaluate the performance of the optimized model. Good agreement between modeled and meas-
ured results was obtained. It was found that the AMF framework along with Fick’s first law is 
capable of predicting the evolution of particles’ size, and future work will employ this model in 
large-scale analysis to understand the drivers of the SOA size distribution indoors. 
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There were some limitations to this work that future experiments should address. While 
this dissertation focuses on reactions of a single terpenoid, application of consumer products such 
as air fresheners releases a mixture of organic compounds indoors. Therefore, in real scenarios, it 
is the oxidation of a mixture of organic compounds that results in formation of organic aerosols.  
Several terpenoid compounds are commonly used in consumer products and are therefore present 
indoors. These compounds include but are not limited to d-limonene, α-pinene, α-terpineol, and 
linalool. In order to predict SOA formation in realistic settings, it is important that each of these 
organic compounds be studied individually as well as in mixtures, within experiments that vary the 
fractions of each of these contributing compounds. 
Furthermore, the presence of water as well as presence of background organic aerosols 
affects SOA formation. In this dissertation, experiments were performed under dry conditions and 
in the absence of background aerosols, in order to isolate the SOA formation. However, since the 
presence of water and background aerosols will both increase formation of SOA, it is important to 
also include these effects in future experiments to improve predictions of what is occurring in real 
indoor environments. Moreover, in the experiments in this dissertation, the airflow to the reaction 
chamber was free from ozone and aerosols, once the initial reactants were combined and the ex-
periments began. However, in real conditions there is always transport of ozone and background 
particles to through the building envelope through open windows and doors, which would replenish 
these reactants and reservoirs to a certain degree. Finally, this work completely neglected the in-
fluence of NO x, which if present could lessen the magnitude of SOA formation indoors since it 
provides competing oxidation pathways. Therefore, to obtain fully predictive models it is vital to 
study effects of many of these impacts simultaneously within experiments that vary the AER.   
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Predicting secondary organic aerosol formation from terpenoid ozonolysis 
with varying yields in indoor environments 
 
Abstract 
The ozonolysis of terpenoids generates secondary organic aerosol (SOA) indoors.  Models of var-
ying complexity have been used to predict indoor SOA formation, and many models use the SOA 
yield, which is the ratio of the mass of produced SOA and the mass of consumed reactive organic 
gas.  For indoor simulations, the SOA yield has been assumed as a constant, even though it de-
pends on the concentration of organic particles in the air, including any formed SOA.  We devel-
oped two indoor SOA formation models for single terpenoid ozonolysis, with yields that vary 
with the organic particle concentration.  The models have their own strengths and were in agree-
ment with published experiments for d-limonene ozonolysis.  Monte Carlo analyses were per-
formed that simulated different residential and office environments to estimate ranges of SOA 
concentrations and yields for d-limonene and α-pinene ozonolysis occurring indoors.  Results in-
dicate that yields are highly variable indoors and are most influenced by background organic par-
ticles for steady state formation and indoor ozone concentration for transient peak formation.  Ad-
ditionally, a review of ozonolysis yields for indoor-relevant terpenoids in the literature revealed 
much uncertainty in their values at low concentrations typical of indoors. 
Keywords 
Fine and ultrafine particles; d-limonene; α-pinene; oxidation; modeling; Monte Carlo 
Practical Implications 
The results in this paper suggest important factors that govern indoor secondary organic aerosol 
(SOA) formation and yields, in typical residential and office spaces.  This knowledge informs the 
development and comparison of control strategies to reduce indoor-generated SOA.  The ranges 
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of SOA concentrations predicted indoors allow the quantification of the effects of sorptive inter-
actions of semi-volatile organic compounds or reactive oxygen species with SOA, filter loading 
due to SOA formation, and impacts of SOA on health, if links are established. 
Nomenclature 
α i    Mass stoichiometric coefficient for terpenoid oxidation product i (-) 
β Mb    Surface deposition rate of background organic particles (1/h) 
β O3   Surface deposition rate of ozone (1/h) 
β SOA   Surface deposition rate of secondary organic aerosol (1/h) 
C V  Lumped indoor mass concentration of all volatile terpenoid oxidation products 
(μg/m3) 
C Mb    Indoor background organic particle mass concentration (μg/m3),  
C Mb,o    Outdoor background organic particle mass concentration (μg/m3)  
C O3    Indoor ozone mole fraction (ppb) 
C O3,o   Outdoor ozone mole fraction (ppb) 
C SOA   Indoor secondary organic aerosol mass concentration (μg/m3) 
C terp    Indoor terpenoid mole fraction (ppb)  
C terp,o    Outdoor terpenoid mole fraction (ppb) 
C Δterp    Lumped indoor mass concentration of all terpenoid oxidation products (μg/m3) 
C Δterp,ss  Lumped indoor steady-state mass concentration of all terpenoid oxidation prod-
ucts (μg/m3) 
Γ O3    Conversion factor to change between ppb and μg/m3 for ozone 
Γ terp   Conversion factor to change between ppb and μg/m3 for terpenoid 
E Mb     Indoor mass emission rate of background organic particles (μg/h) 
E O3  Indoor mass emission rate of ozone (μg/h) 
E terp   Indoor mass emission rate of terpenoids (μg/h) 
η Mb     Filter removal efficiency of indoor background organic particles (-) 
η Mb,o     Filter removal efficiency of outdoor background organic particles (-) 
η SOA   Filter removal efficiency of indoor SOA (-) 
ROG   Reactive organic gas concentration (μg/m3) 
ΔROG  Change in reactive organic gas concentration due to oxidation (μg/m3) 
k   Reaction rate constant between ozone and terpenoid (1/ppb·h) 
K i   Gas-to-particle partitioning coefficient for terpenoid oxidation product i (m3/μg) 
M org  Organic aerosol mass concentration (μg/m3) 
ΔM org   Change in organic aerosol mass concentration due to terpenoid oxidation (μg/m3) 
λ i    Infiltration air exchange rate (1/h) 
λ n     Natural ventilation air exchange rate (1/h) 
λ r     Recirculation air exchange rate (1/h) 
λ v   Mechanical ventilation air exchange rate (1/h) 
p    Penetration factor of outdoor organic particles through the building envelope (-) 
t   Time (h) 
Δt   Time step in numerical solution (h) 
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V   Volume of air (m3) 
Y   SOA mass formation yield (-) 
 
Introduction 
Indoor airborne particles are transported from outdoors or are produced indoors by human activ-
ity or chemical reactions.  One indoor source is secondary organic aerosol (SOA) formation, 
which results from ozonolysis of terpenoids (Weschler and Shields 1999; Wainman et al. 2000; 
Sarwar et al. 2003; Destaillats et al. 2006; Sarwar and Corsi 2007; Zuraimi et al. 2007; Waring et 
al. 2008, 2011; Chen and Hopke 2009, 2010; Fadeyi et al. 2009).  Ozone/terpenoid reactions are 
important indoors (Weschler and Shields 1996) and generate various products that form SOA by 
nucleation or partitioning mechanisms, increasing both particle number and mass.  Ozone is 
transported indoors from outdoors (Weschler 2000), or it may be emitted indoors by devices such 
as photocopiers, printers, and ion or ozone generators (Lee et al. 2001; Waring et al. 2008; War-
ing and Siegel, 2011).  Terpenoids are unsaturated organics that primarily emitted indoors by use 
of products such as cleaners and air fresheners (Nazaroff and Weschler 2004).   
There is no evidence linking indoor-formed SOA to health effects; however, outdoor-formed 
SOA is often a substantial portion of the urban particle mixture (Polidori et al. 2006) that has 
been correlated to health degredation (e.g. Pope and Dockery 2006), so it is conceivable that in-
door-formed SOA may influence health.  Additionally, particles act as sorptive sinks for semi-
volatile organic compounds (Weschler and Nazaroff 2008) and/or reactive oxygen species (Chen 
et al. 2011).  Since SOA consists of ultrafine (< 0.1 µm) and fine (0.1–2.5 µm) particles, it may 
increase exposure for either, since formed particles of this size with sorbed species may penetrate 
deep in the lungs (Hinds 1999).  Finally, SOA contributes to in-duct filter loading, potentially al-
tering filter reactivity with ozone over time.  Accurately predicting SOA formation is thus an im-
portant aspect of understanding exposure to indoor pollution of various types. 
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Organic aerosol mass formation (ΔM org ) due to reactive organic gas oxidation (ΔROG) may be 
parameterized with the fractional aerosol yield (Y), which Odum et al. (1996) expressed as the 
summed effects of gas-to-particle partitioning of individual products, i, of organic gas oxidation: 
𝑌𝑌 = Δ𝑀𝑀org
ΔROG = 𝑀𝑀org�� 𝛼𝛼𝑖𝑖𝐾𝐾𝑖𝑖1 + 𝑀𝑀org𝐾𝐾𝑖𝑖�𝑖𝑖  (1) 
Yield curves have mostly been fit to Equation 1 by assuming that formation is due to two hypo-
thetical products (Odum et al. 1996; Hoffmann et al. 1997; Griffin et al. 1999), one being the av-
erage of lower vapor pressure compounds and the other being the average of higher vapor pres-
sure compounds.  In this “two-product model” fit, there are thus four fitting parameters: α 1 , K 1 , 
α 2 , and K 2 .  Some researchers use “one-product model” fits as well (e.g. Chen and Hopke, 2009, 
2010).  As shown in Equation 1, the yield is a function of and increases with any organic particle 
concentration (M org ), so the yield varies as the SOA concentration changes.   
Indoor models often predict the rate of SOA formation as the product of the yield and the rate and 
terpenoid ozonolysis (e.g. Alshawa et al. 2007; Coleman et al. 2008; Fadeyi et al. 2009; Waring 
and Siegel 2010).  However, these models have limited accuracy because they assume a constant 
yield that is unaffected by the amount of organic particles in the air; incorporating varying yields 
into models such as these should increase their predictive power.  In this paper, after a brief re-
view of yields in the literature for ozonolysis of common indoor terpenoids, we outline two mod-
els that predict indoor SOA mass formation for single terpenoid ozonolysis with yields that vary 
as function of the airborne organic particle concentration.  We then validate those models with 
experimental data in the literature for d-limonene ozonolysis.  We also use Monte Carlo analyses 
to estimate potential ranges of Y and C SOA for scenarios typical of residential and office indoor 
environments. 
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Yields for Ozonolysis of Indoor Terpenoids 
Table 1 lists one- and two-product yield curve fits in the literature for ozonolysis of terpenoids 
relevant indoors.  Photochemical reactions are generally unimportant indoors, and yields in Table 
1 are for dark ozonolysis experiments.  Two yield curve fits listed in Table 1 were determined for 
this paper.  For the first, a d-limonene yield curve (“lim1” in Table 1) was fit using the two-prod-
uct model to yield data for d-limonene ozonolysis gathered from Leungsakul et al. (2005), Cole-
man et al. (2008), and Chen and Hopke (2010).  For the second, the first four α-pinene fits on Ta-
ble 1 were used to find an average α-pinene yield curve, to which a new two-product model was 
fit (“apin” in Table 1).  Yield data comprising fits in Table 1 were collected over a large tempera-
ture range and with different particle detection methods.  However, correcting the yields to the 
same reference condition is not feasible and was not attempted. 
For the six terpenoids labeled in the column “Fig. 1” in Table 1, their yield curves are plotted in 
Figure 1(a) as a function of the organic particle concentration (M org ).  These yields will be known 
as Y j  in the text, where j is the terpenoid label.  As shown, d-limonene has larger yields than other 
terpenoids, and Y lim1  and Y lim2  each reach as high as ~0.6 or 0.85, respectively, as M org  increases.  
Y lim2  is larger than Y lim1  and is the yield from the one-product model fit in Chen and Hopke 
(2010).  Our α-pinene fit, Y apin , behaves similarly to d-limonene yield curves when M org  < ~25 
μg/m3, but its upper limit of ~0.27 is lower.  The final three terpenoid yields on Figure 1(a) are 
smallest in magnitude and are generally lower than ~0.2 for most of the shown range.  Thus, the 
range of the yields depends markedly on which terpenoid is oxidized, and modeling SOA for-
mation with a varying yield will most influence terpenoids with larger yield ranges. 
To illustrate the contributions of each of the two products to the overall yield for Y lim1 , Figure 
1(b) plots Y lim1  with the abscissa on a log10  scale.  The first product (α 1  and K 1 ) dominates when 
M org  < ~20 μg/m3, and the second product (α 2  and K 2 ) governs when M org  > ~20 μg/m3.  Having 
well-quantified values for the first product of the two-product yield is therefore important since 
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much indoor formation is likely to occur such that M org  < ~20 μg/m3 (Nazaroff and Weschler 
2004).  However, our value of K 1  = 1 m3/μg was arbitrarily fit since there were no yield data for 
M org  < 35 μg/m3 in results we used to fit Y lim1 .  Hoffmann et al. (1997) remarked that the fit of the 
model line through the yield data was insensitive to the exact value of K 1  as long as K 1  > ~0.1 
m3/μg.  At higher values of M org , this is true.  However, this is not true at lower values of M org .  
For instance, Figure 1(c) displays Y lim1 for three different values for K 1  (1, 5, and 20 m3/μg), but 
with the abscissa plotted on a log10  scale to 10 μg/m3.  The different values of K 1  influence the 
resulting yield curves at these low M org , and the lack of yield data for conditions when M org  < 35 
μg/m3 is a gap in the literature.  Additionally, we show Y lim2  to illustrate that this one-product 
model results in low yields when M org  is low, even though it has high yields at higher M org . 
Modeling Methodology 
We developed two SOA formation models, SOA-M1 and SOA-M2, which account for the ozo-
nolysis of a single terpenoid.  First elements common to both models are introduced, and then ele-
ments unique to each model are developed.  Finally, our Monte Carlo approach is discussed. 
Assumptions and equations common to both SOA formation models.  The indoor air is as-
sumed at constant temperature and density and as well-mixed.  Gas-phase compound sorption to 
building surfaces was neglected.  Volume-normalized mass balances were written for ozone, ter-
penoid, and background organic particles, in either mole fractions or mass concentration form, 
and are Equations 2–4, respectively: 
𝑑𝑑𝐶𝐶O3
𝑑𝑑𝑡𝑡
=  (𝜆𝜆i + 𝜆𝜆n + 𝜆𝜆v)𝐶𝐶O3,o + 𝐸𝐸O3𝑉𝑉 1𝛤𝛤O3 − �𝜆𝜆i + 𝜆𝜆n + 𝜆𝜆v + 𝑘𝑘𝐶𝐶terp�𝐶𝐶O3 (2) d𝐶𝐶terpd𝑡𝑡 =  (𝜆𝜆i + 𝜆𝜆n + 𝜆𝜆v)𝐶𝐶terp,o + 𝐸𝐸terp𝑉𝑉 1𝛤𝛤terp − (𝜆𝜆i + 𝜆𝜆n + 𝜆𝜆v + 𝑘𝑘𝐶𝐶O3)𝐶𝐶terp (3) d𝐶𝐶Mbd𝑡𝑡 =  �𝐶𝐶𝜆𝜆i + 𝜆𝜆n + (1 − 𝜂𝜂Mb,o)𝜆𝜆v�𝐶𝐶Mb,o + 𝐸𝐸Mb𝑉𝑉 − (𝜆𝜆i + 𝜆𝜆n + 𝜆𝜆v + 𝜂𝜂Mb𝜆𝜆𝑟𝑟 + 𝛽𝛽Mb)𝐶𝐶Mb (4) 
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In Equations 2–4, the terms on the left-side are the rate of changes in C O3 , C terp , and C Mb .  On the 
right-side, the positive terms are sources and negative terms are losses.  All species may have 
sources due to outdoor-to-indoor transport with infiltration, natural and mechanical ventilation 
air, or due to direct indoor emission.  Losses of C O3 include all air exchange terms, reaction with 
C terp , and reaction with indoor surfaces.  Ozone attenuation as air passes through the envelope 
with infiltration air or through the HVAC system with mechanical ventilation air were neglected 
due to uncertainty in their magnitudes, but can easily be incorporated if desired.  Losses of the 
C terp  are similar except it does not react on surfaces.  Losses of C Mb  include air exchange, as well 
as removal to the recirculation air filter and to indoor surfaces.  In Equations 2 and 3, species are 
in mole fractions but their emissions are in units of mass per time, so conversion factors, Γ O3  and 
Γ terp , are used when necessary.  
Modeling SOA formation with SOA-M1.  The first SOA formation model is similar in form to 
that which is commonly employed in constant yield models.  In this approach, we begin with a 
volume-normalized mass balance for C SOA, which is Equation 5: d𝐶𝐶SOAd𝑡𝑡 =  𝑌𝑌𝑘𝑘𝐶𝐶O3𝐶𝐶terp𝛤𝛤terp − (𝜆𝜆i + 𝜆𝜆n + 𝜆𝜆v + 𝜂𝜂SOA𝜆𝜆r + 𝛽𝛽SOA)𝐶𝐶SOA (5) 
In Equation 5, the source of C SOA is due to the ozone/terpenoid reactions occurring indoors.  
Losses in Equation 5 include those due to air exchange, removal to an HVAC filter in the recircu-
lation air stream, and surface deposition.  Though SOA is present in outdoor air in urban areas 
(Polidori et al. 2006), our focus is indoor formation.  If desired, outdoor SOA can be included in 
SOA-M1 or SOA-M2 as part of the outdoor concentration of background organic particles in 
Equation 4.  For the yield, we use the two-product form:  
𝑌𝑌 =  ∆𝐶𝐶SOA
∆𝐶𝐶terp
= (𝐶𝐶SOA + 𝐶𝐶Mb) � 𝛼𝛼1𝐾𝐾11 + (𝐶𝐶SOA + 𝐶𝐶Mb)𝐾𝐾1 + 𝛼𝛼2𝐾𝐾21 + (𝐶𝐶SOA + 𝐶𝐶Mb)𝐾𝐾2� (6) 
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The right-most-side of Equation 6 represents the two-product form of the incremental increase in 
the SOA mass concentration for a corresponding incremental decrease in the terpenoid mass con-
centration.  For SOA-M1, it is substituted for Y into Equation 5 and then Equations 2–5 are 
solved simultaneously to find C SOA, using the Runge-Kutta order 4 (RK4) numerical method.  
Modeling SOA formation with SOA-M2.  Kroll and Seinfeld (2005) expressed SOA formation 
as a function of the ΔROG reacted for outdoor chemistry.  We have modified their approach for 
indoor environments.  Rather than tracking C SOA with time, SOA-M2 tracks the change with time 
in the concentration of products due to terpenoid ozonolysis indoors.  We begin with the concept 
that ozone and terpenoids react to form a single, hypothetical product, C Δterp  (μg/m3), which is a 
lumped concentration of all products of the oxidized terpenoid that remain indoors at a particular 
instant in time, assuming that this product has the same molecular weight as the parent terpenoid.  
In outdoor air or batch reactor systems with negligible losses due to air exchange and deposition, 
C Δterp  = ΔROG.  There are losses indoors due to air exchange, deposition, and filtration, so C Δterp  
< ΔROG.  Some of C Δterp  will exist in the particle-phase as C SOA, and some of it will exist in the 
gas-phase as volatile products, C V , at fractions that depend on the amount of C Δterp  indoors.  Par-
titioning was derived as an equilibrium process, so as C Δterp  changes in the indoor air, the relative 
fractions of C SOA and C V  adjust to the current condition.  For particles of the size of SOA (< 1 
μm), the time scale for a sorption process to adjust to equilibrium  is < 1 minute (Weschler and 
Nazaroff 2008), which is much less than the residence time of air indoors (Murray and Burmaster 
1995; Persily et al. 2006), so we assume instantaneous adjustment.   
To determine C SOA as a function of C Δte r p , we recognize that Equation 6 holds not only for incre-
mental changes in products and reactants but also for instantaneous equilibrium partitioning of 
products (Hoffmann et al., 1997; Kroll and Seinfeld 2005), as in Equation 7:  
𝐶𝐶SOA
𝐶𝐶Δterp
= (𝐶𝐶SOA + 𝐶𝐶Mb) � 𝛼𝛼1𝐾𝐾11 + (𝐶𝐶SOA + 𝐶𝐶Mb)𝐾𝐾1 + 𝛼𝛼2𝐾𝐾21 + (𝐶𝐶SOA + 𝐶𝐶Mb)𝐾𝐾2� (7) 
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For a similar expression (Equation 4 in their work), Kroll and Seinfeld (2005) solved for C SOA 
considering one- and two-product yield models, both without and with organic matter present be-
sides the SOA, yielding four algebraic expressions.  For instance, with no other organic particles, 
the solution to Equation 7 is quadratic (Kroll and Seinfeld 2005) and is Equation 8: 
𝐶𝐶SOA = 12 �𝐶𝐶Δterp(α1 + α2)− 1𝐾𝐾1 − 1𝐾𝐾2� +
�
4𝐾𝐾1𝐾𝐾2�𝐾𝐾1α1𝐶𝐶Δterp + 𝐾𝐾2α2𝐶𝐶Δterp − 1�+ �𝐾𝐾1 + 𝐾𝐾2 − 𝐾𝐾1𝐾𝐾2𝐶𝐶Δterp(α1 + α2)�2 �
1
2
2𝐾𝐾1𝐾𝐾2  
(8) 
We do not reproduce their other solutions, but in other situations, SOA-M2 could use the Kroll 
and Seinfeld (2005) one-product yield solutions for C SOA when C Mb  ≈ 0 or C Mb  > 0 μg/m3, or 
their two-product solution to Equation 7 when C Mb  > 0 μg/m3 (which is cubic with many terms). 
Since at any point in time, C SOA = YC Δte r p  and C V  = (1 – Y)C Δte r p , we derived a differential 
equation for C Δte r p  by substituting YC Δte r p  for C SOA into Equation 5 and computing the deriva-
tive of d(YC Δte r p )/dt, which when rearranged results in Equation 9: d𝐶𝐶Δterpd𝑡𝑡 = 𝑘𝑘𝐶𝐶O3𝐶𝐶terp𝛤𝛤terp − �𝜆𝜆i + 𝜆𝜆n + 𝜆𝜆v + 𝜂𝜂SOA𝜆𝜆r + 𝛽𝛽SOA + 1𝑌𝑌 d𝑌𝑌d𝑡𝑡 � 𝐶𝐶Δterp (9) 
The source of C Δte r p  is from the ozone/terpenoid reactions and losses are due to air exchange, as 
well as filtration and deposition mechanisms and the term (1/Y)∙(dY/dt).  Equation 9 therefore im-
plies that all products of terpenoid oxidation, not just the SOA-phase products, are subject to par-
ticle loss mechanisms.  To understand this point more, we derived a similar expression for C V , 
using the fact that dC Δte r p /dt = (dC SOA/dt + dC V /dt): d𝐶𝐶Vd𝑡𝑡 = (1 − 𝑌𝑌)𝑘𝑘𝐶𝐶O3𝐶𝐶terp𝛤𝛤terp
− �𝜆𝜆i + 𝜆𝜆n + 𝜆𝜆v + 𝜂𝜂SOA𝜆𝜆r + 𝛽𝛽SOA + 1𝑌𝑌(1 − 𝑌𝑌) d𝑌𝑌d𝑡𝑡 � 𝐶𝐶V 
(10) 
Therefore, beyond air exchange effects, the volatile products, C V , are affected by the loss terms: 
(η SOAλ r  + β SOA + 1/(Y(1–Y))∙(dY/dt)).  Particle losses applying to volatile products may seem 
counterintuitive, however C V  is affected by particle-specific loss mechanisms since partitioning 
130 
 
is an equilibrium process.  As C SOA is lost to filters or surfaces, there is a driving force for some 
of the C V  to further partition to the SOA phase, at a fraction dependent on the total amount of 
C Δterp  currently indoors.  At steady state when dY/dt = 0, the amount of C V  that further partitions 
to the SOA phase is equivalent to the loss term, (η SOAλ r  + β SOA).  When not at steady state, the 
loss of C V  due to this further partitioning is increased if dY/dt > 0 (when C Δterp  is increasing) and 
decreased if dY/dt < 0 (when C Δterp  is decreasing) by the term (1/(Y(1 – Y))∙(dY/dt)).   
Solving Equations 2–4 and 9 simultaneously with the RK4 numerical method gives us C O3 , C terp , 
C Mb , and C Δter p  during the modeled time.  Then, once C Δte r p  and C Mb  are known at each time 
step, one of the algebraic solutions to Equation 7 from Kroll and Seinfeld (2005) (e.g. Equation 8) 
can be used to solve for C SOA at any time.  One important point is that the RK4 transient solution 
for C Δte r p  with Equation 9 uses values for Y and dY/dt that were determined from the transient 
yields of the solution from SOA-M1.  Since using SOA-M2 requires already knowing the time-
resolved yields in some way, one might wonder at its utility.  However, the strength of SOA-M2 
is that is can easily be used to solve for C SOA at steady state with an algebraic solution, which 
cannot be done with SOA-M1 due to the interdependence of Y and C SOA in Equations 5 and 6.  
To do so, Equation 9 is solved to obtain C Δte r p  at steady state, which is Equation 11: 
𝐶𝐶Δterp,ss = 𝑘𝑘𝐶𝐶O3𝐶𝐶terp𝛤𝛤terp𝜆𝜆i + 𝜆𝜆n + 𝜆𝜆v + 𝜂𝜂SOA𝜆𝜆r + 𝛽𝛽SOA (11) 
Then, one may solve for C SOA with an algebraic or iterative solution to Equation 7.   
Monte Carlo analyses.  Considering ozonolysis of d-limonene and α-pinene separately, we con-
ducted Monte Carlo analyses with probability distributions as inputs to find typical ranges of 
yields and C SOA.  Three residences and one office were simulated, which were differentiated by 
their air exchange rates and sources of organic particles besides SOA, and are as follows: 
• R1: Residence; natural ventilation air exchange; and source of organic particles from air 
exchange with outdoor air. 
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• R2: Residence; infiltration and recirculation air exchange; and source of organic particles 
from air exchange with outdoor air. 
• R3: Residence; infiltration and recirculation air exchange; and source of organic particles 
from air exchange with outdoor air and indoor smoking. 
• O1: Office; infiltration, mechanical ventilation, and recirculation air exchange; and 
source of organic particles from air exchange with outdoor air. 
For each of these, steady state formation due to air freshener use and transient formation due to 
use of a general purpose cleaner was modeled.  The input distributions used in the Monte Carlo 
analyses that varied by scenario are listed in Table 2, and constant distributions and parameters 
are listed in the table notes.  Derivations of all parameters are in the Supplementary Information.  
Results and Discussion 
Validation of SOA formation models.  To explore the validity of SOA-M1 and SOA-M2, we 
simulated transient and steady-state experiments in the literature for d-limonene ozonolysis, using 
a yield of Y lim1  and k = 0.0183 ppb-1 h-1 at 25 °C (Atkinson et al., 1990).  Transient results were 
evaluated by modeling a case from Singer et al. (2006a), who measured transient formation due 
to ozonolysis of an orange-oil degreaser (OOD), which contained d-limonene as the only reactive 
gas, in a 50 m3 mock room.  Model inputs were λ v  = 1 h-1, β O3  = 1 h-1, C O3,o  = 130 ppb, an initial 
C O3  = 65 ppb at t = 0 h, and C terp  = 1,100 ppb until t = 0.67 h (from their Figure 1).  Formation 
was modeled using different time-steps (Δt) with the RK4 numerical solution to test for conver-
gence, and select results with different Δt are shown along with measured results in Figure 2.  
Convergence essentially occurs when Δt ≥ 10-3 h; peak formation for Δt = 10-3 h is within 98% of 
that for Δt = 10-4 h, which was 99.9% of the result for Δt = 5×10-5 h (not shown).  The predicted 
and measured C SOA peaks are 253 and 270 μg/m3, respectively, a 6.3% difference. 
We also simulated the Singer et al. (2006a) case to confirm that SOA-M1 and SOA-M2 produced 
identical results for C SOA, as well as C Δterp  and C V .  For SOA-M1, C SOA and Y were determined 
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with Equations 5 and 6, respectively, and then C Δterp  = C SOA/Y and C V  = C SOA/Y – C SOA.  For 
SOA-M2, time-resolved values of Y from SOA-M1 were used in the calculations of C Δterp  and 
C V  with Equations 9 and 10.  Then Equation 8 was used to find C SOA.  We chose to compare the 
results of the two models for a condition without background organic particles since the two-
product solution of Equation 7 when C Mb  > 0 μg/m3 is cubic and difficult to work with practi-
cally.  Results for C SOA, C Δterp , and C V  using SOA-M1 and SOA-M2 were identical, and C SOA 
was similar to converged solutions displayed in Figure 2. 
Experiments with d-limonene ozonolysis from Fadeyi et al. (2009), Coleman et al. (2008), and Li 
et al. (2002) were used to validate steady state solutions of SOA-M1 and SOA-M2.  Fadeyi et al. 
(2009) measured formation in a 266 m3 simulated office while varying ventilation, recirculation, 
and filtration parameters.  Coleman et al. (2008) determined formation in a 198 L chamber from 
ozonolysis of the OOD used in Singer et al. (2006a).  Li et al. (2002) assessed formation at low 
and high air exchange rates in a 29 m3 office.  For these 24 experiments, the experimental ID 
(from original paper), model inputs, reported C SOA, and predicted C SOA and Y are listed in Table 
3.  Background particles were neglected due to uncertainty in values.  Steady state C SOA were 
found with SOA-M1 by running the RK4 solution until steady conditions were reached (Δt = 0.1 
h, which converged).  Finding steady solutions with SOA-M2 was algebraic.  Equation 11 was 
used to find C Δterp,ss , and then C SOA was determined with Equation 8.  Both models predicted 
identical values, with the exception of the italicized entries in Table 3, which are from SOA-M1.  
SOA-M2 actually predicts C SOA < 0 μg/m3 with Equation 8 when C Δterp  is low.  This non-physi-
cal result is indicative of the unsuitability of our (arbitrary) K 1 value, due to the lack of low M org  
data.  As K 1  increases, this C Δterp  threshold to achieve meaningful results decreases. 
To assess the model performance, we used the ASTM method D5157-91 (ASTM 1991), which 
compares measured and predicted values, recommending there is a: (i) slope of 0.75 to 1.25 and 
intercept within 25% of average value; (ii) correlation coefficient (r) ≥ 0.9; (iii) normalized mean 
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square error (NMSE) ≤ 0.25; and (iv) fractional bias (FB) ≤ 0.25.  For the predicted Singer et al. 
(2006a) results were: slope = 0.96, intercept % = 17%, r = 0.99, NMSE = 0.064, and FB = −0.20.  
For the 20 steady state cases, excluding four from Li et al. (2002) over the detection limit: slope = 
0.89, intercept % = 0.006%, r = 0.96, NMSE = 0.33, and FB = −0.12.  This analysis implies there 
is a slight bias to under-predict values, but the predicted results are in generally in good agree-
ment with the measured ones, especially given the uncertainty in some inputs and reported values.  
For instance, in Fadeyi et al. (2009), filter removal efficiencies were estimated, not measured.  In 
Coleman et al. (2008), SOA concentrations were estimated only with counts for diameters ≤ 0.4 
μm.  Finally, Li et al. (2002) reported a range of ventilation rates, and those in Table 3 are mid-
range values.   
Results of Monte Carlo analyses.  For the Monte Carlo analysis of each scenario, we ran 10,000 
steady state and 10,000 transient cases.  Table 4 lists summary statistics for results by scenario, 
including for C O3 , C terp , C Mb , and C SOA the 10th, 50th, and 90th percentiles, as well as the geo-
metric mean (GM) and geometric standard deviation (GSD), for the resulting lognormal distribu-
tions.  Transient results are peak values occurring during the modeled time.  Ozone is of outdoor 
origin, so C O3  for R1 is higher than R2/R3 due to the higher air exchange rate of R1; being of in-
door origin, the reverse is true for C terp .  Transient C terp  values are much larger than steady state 
values, reflecting the difference in the mass of terpenoid emitted in a pulse fashion by the use of 
the cleaning product versus the steady emission of the air freshener.  For transient cases, the im-
pact of the air exchange rate is less and C terp  are similar for scenarios with different air exchange 
rates.  For d-limonene versus α-pinene, values of C O3  and C terp  are slightly lower since the reac-
tion rate constant for d-limonene ozonolysis is larger than for α-pinene.  Organic particles have 
both an outdoor and a major indoor source in R3, so its C Mb  is much higher than either R1 or R2.  
The O1 scenario has an air exchange rate between that of R2/R3 and R1, and as such, its C O3 , 
C terp , and C Mb  are between values of those scenarios.   
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Results of C SOA show large variability; for d-limonene, the range was 0.0013 to 138 μg/m3, and 
for α-pinene, it was 0.00028 to 53 μg/m3.  Formation for d-limonene exceeds that of α-pinene due 
to larger d-limonene yields and ozone reaction rates.  Transient C SOA results are roughly one to 
two orders of magnitude greater than steady state results because of higher C terp  from the more 
intense pulse emission.  At steady state, C SOA for R2 > R1 due to lower air exchange rates 
(Weschler and Shields 2000), and R3 > R2 due to indoor smoking as a source of C Mb , which in-
creases the yield.  However, for transient C SOA, the trend is not the same.  Even though R1 has a 
higher air exchange rate than R2, which usually suppresses indoor reaction products, the peak for-
mation is higher in R1 because the increase in CO3  is relatively higher than the decrease in C terp .  
Results for O2 are near R2 results, due to similar air exchange rates and C Mb  values. 
To illustrate the variation in yields across scenarios, we display in Figure 3 box plots of the steady 
state and peak transient yield distributions, along with their lognormal fits.  Median values for d-
limonene and α-pinene are similar, but ranges of yields are much higher for d-limonene, due to 
the greater magnitude of Y lim1  at higher M org .  Transient peak yields are generally greater than 
steady state yields, reflecting the higher values of C terp  due to the modeled pulse emission.  
Yields are a function of the scenarios and range from near zero for R2 and O1 to ~0.6 for R3.  
Consequently, assuming a constant yield to predict SOA formation is inappropriate and could 
either over- or under-predict formation, depending on the particular indoor environment being 
simulated.  For instance, in high particle environments, d-limonene has the potential to have quite 
large yields, even when the reactant concentrations are relatively low. 
We conducted a sensitivity analysis for the yield with a linear regression on parameters that influ-
ence SOA formation (i.e., terms in Equation 5 with Equation 6 substituted) by scenario.  Stand-
ardized Regression Coefficients (SRC) were computed by normalizing the linear regression coef-
ficients so that variances were equal to 1.  These SRCs can have values from −1 to +1, and for 
them to be a valid measure of sensitivity, R2 ≥ 0.7 for linear fits (Saltelli et al., 2006), which was 
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the case for all yields across all scenarios (R2 = 0.77–0.96).  For each input parameter, SRCs have 
these meanings on the yields: (i) (SRC)2 is the relative variance contribution; (ii) high |SRC| indi-
cates a large influence, while an |SRC| near zero indicates no influence; and (iii) an input with a 
−SRC changes the yield negatively and a +SRC positively.  Table 5 lists the SRCs for input pa-
rameters with SRC ≥ 0.1 (i.e., ≥ 1% effect on Y).  For steady state yields, C Mb  has the largest ef-
fect, while for peak yields, C O3  at the time of terpenoid release has the largest effect, except when 
large indoor sources of background particles exist. 
Model uncertainties and future work.  The models perform well within our validation set but 
need refinement to increase their predictive ability.  We neglected temperature variation indoors, 
and decreasing temperature will increase the yield (Leungsakul et al., 2005; Sarwar and Corsi, 
2007).  Variations in relative humidity (RH) were neglected; however, RH has little effect on 
SOA mass concentrations (Cocker et al. 2001; Leungsakul et al. 2005).  Initial validation was 
only for the ozonolysis of a single reactive terpenoid, and future experiments will investigate the 
application of the models to mixed terpenoid environments, which would increase their potential 
uses if predictions are accurate.  Future experiments should refine yields for indoor-relevant ter-
penoids at low M org  typical of indoors, since yields were derived at higher M org .  This work is es-
pecially necessary viewed in light of studies that have reported higher SOA formation than ex-
pected at low reactant concentrations for d-limonene (Waring et al. 2011) and α-pinene (e.g. 
Presto and Donahue 2006).   Finally, the “volatility basis set” is a technique for predicting out-
door-formed SOA that has shown good ability at low M org  (e.g. Presto and Donahue 2006), and 
future work will explore using this technique in indoor predictive models.   
Conclusions 
Two models, SOA-M1 and SOA-M2, were developed that predict indoor SOA formation due to 
single terpenoid ozonolysis with varying yields.  Each model has its own strength.  The first 
model is useful to predict transient SOA concentrations, and the second model is useful when 
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solving for SOA concentrations at steady state.  The models initially appear to effectively predict 
concentrations and were in agreement with published results.  To estimate the possible ranges of 
yields and SOA concentrations in indoor settings, Monte Carlo analyses were performed for the 
ozonolysis of d-limonene and α-pinene, considering steady state and transient SOA formation in 
residential and office spaces.  Results show that indoor use of terpenoid-rich products can lead to 
a large range of SOA concentrations and yields, and yields were a very strong function of back-
ground organic particles and indoor ozone concentration.  The yield can be higher than what has 
been previously assumed, should not be considered as constant, and can be estimated with the 
methods in this paper.  It was also noted that most of the experimental research to determine 
yields has been done at high SOA concentrations unrealistic to most indoor settings and that there 
are large uncertainties in the application of fitted yield parameters at low concentrations.   
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 Table 1. One- and two-product model yield curve fits for ozonolysis of terpenoids relevant in-
doors.  The label in the column “Fig. 1” describes the name of that terpenoid yield in Figure 1. 
    α 1 K 1 α 2 K 2   
Terpenoid Fig. 1 (-) (m3/μg) (-) (m3/μg) Source 
d-limonene lim1 0.082 1 0.86 0.0055 1 
d-limonene lim2 0.969 0.0225 - - 2 
α-pinene   0.35 0.11 - - 3 
α-pinene   0.25 0.44 - - 4 
α-pinene   0.262 0.030 0.062 0.0028 5 
α-pinene   0.125 0.088 0.102 0.0788 6 
α-pinene apin 0.14 0.26 0.14 0.036 7 
β-pinene pbin 0.026 0.195 0.485 0.003 8 
Δ3-carene d3car 0.128 0.337 0.068 0.0036 9 
terpinolene 
ter-
pin 0.03 0.927 0.243 0.014 10 
Source: (1) Fit by authors using data from Leungsakul et al. (2005), Coleman et al. (2008), and Chen and 
Hopke (2010); (2) Chen and Hopke (2010); (3) Hoffmann et al. (1997); (4) Chen and Hopke (2009); (5) 
Yu et al. (1999); (6) Griffin et al. (1999); (7) Fit by authors using (3–6); (8, 9) Griffin et al. (1999); (10) 
Ng et al. (2006). 
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Table 2. Scenario specific input parameters for Monte Carlo analyses exploring SOA formation 
due to steady and transient ozonolysis of d-limonene and α-pinene, including geometric means 
(and geometric standard deviations) of lognormal input distributions.  Input parameters that do 
not vary by scenario are in table notes, and symbols are defined in Nomenclature section. 
  HVAC Operation and Indoor Organic Particle Emission 
Parameter1 Scenario2 R1 Scenario R2 Scenario R3 Scenario O1 
λ i  (1/h) 0 0.53 (2.27)3 0.53 (2.27)3 0.25 (1.5)3 
λ n  (1/h) 2.2 (1.5)3 0 0 0 
λ v  (1/h) 0 0 0 0.73 (1.8)3 
λ r  (1/h) 0 1.5 (1.9)4 1.5 (1.9)4 3.0 (1.5)3 
η SOA  (-) 0 0.10 (3.55)5 0.10 (3.55)5 0.10 (3.55)5 
η Mb  (-) 0 1.55·η SOA 5 1.55·η SOA 5 1.15·η SOA5 
η Mb,o  (-) 0 0 0 1.13·η SOA 5 
E Mb /V (μg/m3·h) 0 0 18.5 (1.96)6 0 
          
  Terpenoid Emission7     
  Steady Transient     
E terp /V (μg/m3·h) 36.8 (2.29)8       
Mass emitted (mg)   168 (1.58)8     
Time emitted (min)   4.33 (1.32)8     
1Constant input distributions and parameters are: C O3,o  = 25.5 ppb (2.04) with max of 130 ppb, C Mb,o  = 
3.15 µg/m3 (1.9) (EPA monitoring sites); β O3  = 2.5 h-1 (1.5) with range of 0.95–8.05 h-1 (Lee et al. 1999; 
Morrison et al. 2011); p = 0.72, β SOA  = 0.060 h-1 (1.5), β Mb  = 0.14 h-1 (1.5) (Lai and Nazaroff 2000; Liu 
and Nazaroff 2001; Riley et al. 2002; Coleman et al. 2008; Waring and Siegel 2008, 2010).  Terpenoid 
reaction rate constants (k) were 0.0183 ppb-1·h-1 for d-limonene and 0.0076 ppb-1·h-1 for α-pinene (Atkin-
son et al. 1990), and yields were Y lim1  and Y apin  (from Table 1). 
2Scenario R1: residence with natural ventilation air exchange, and organic particles from outdoors; R2: res-
idence with infiltration and recirculation air exchange, and organic particles from outdoors; R3: same as 
R2 but with organic particles also from indoor smoking; and O1: office with infiltration, mechanical ven-
tilation, and recirculation air exchange, and organic particles from outdoors. 
3Riley et al. 2002; Murray and Burmaster 1995.   
4Stephens et al. 2011. 
5Waring and Siegel 2008, 2010. 
6Holcomb 1993. 
7Values are for d-limonene emissions; identical values were used for α-pinene emissions for direct compar-
ison. 
8Singer et al. (2006b); for transient emissions, results from these two distributions, along with the volume 
of 50 m3 from Singer et al. (2006b) were used to calculate the E terp /V, which was operational for its par-
ticular time of emission and then set to zero.   
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Table 3. Experimental conditions and measured SOA formation from studies in the literature 
used evaluate predicted SOA concentrations and yields from SOA-M1 and SOA-M2.   
    Reported values from literature studies Predicted values4  
Exp. 
No1 
  C O3 C terp λ v 3 λ r η SOA β SOA C SOA C SOA Y 
Exp. ID2 (ppb) (ppb) (h-1) (h-1) (-) (h-1) (μg/m3) (μg/m3) (-) 
1 LVLR/None 290 16 2.6 7 0 0.5 34 32 0.21 
2 LVLR/New 165 22 2.6 7 0.37 0.5 6 6.6 0.10 
3 LVLR/Used 175 21 2.6 7 0.34 0.5 5 7.2 0.10 
4 LVHR/None 110 19 4.4 14 0 1 6 3.0 0.075 
5 LVHR/New  100 20 4.4 14 0.4 1 2 0.7 0.036 
6 LVHR/Used 98 20 4.4 14 0.39 1 3 0.7 0.036 
7 HVLR/None 78 29 3.6 7 0 0.5 13 5.2 0.093 
8 HVLR/New  70 30 3.6 7 0.37 0.5 1 2.1 0.065 
9 HVLR/Used  70 30 3.6 7 0.34 0.5 1 2.2 0.067 
10 HVHR/None 37 28 5.4 14 0 1 4 0.5 0.029 
11 HVHR/New 40 27 5.4 14 0.4 1 1 <0.001 <0.001 
12 HVHR/Used 36 28 5.4 14 0.39 1 1 <0.001 <0.001 
13 OOD-HH 21 518 3 0 0 0 259 195 0.53 
14 OOD-HL 7 588 1 0 0 0 203 239 0.57 
15 OOD-MH 11 528 3.1 0 0 0 92 52 0.27 
16 12/16/1999 125 160 15 0 0 0.43 17 23 0.18 
17 12/29/1999 100 1 15 0 0 0.43 0.2 <0.001 <0.001 
18 1/13/2000 100 240 15 0 0 0.43 45 34 0.22 
19 1/19/2000 100 210 15 0 0 0.43 12 26 0.19 
20 1/27/2000 80 205 2 0 0 0.43 > 350 489 0.71 
21 2/4/2000 80 360 2 0 0 0.43 > 350 978 0.81 
22 2/11/2000 2 270 2 0 0 0.43 4 1.1 0.05 
23 2/15/2000 175 125 2 0 0 0.43 > 350 704 0.77 
24 2/16/2000 125 175 2 0 0 0.43 > 350 704 0.77 
1Experiments 1–12 are from Fadeyi et al. (2009); Experiments 13–15 are from Coleman et al. (2008); Ex-
periments 16–24 are from Li et al. (2002). 
2Experiment ID is the same as that in the original paper. 
3For Fadeyi et al. (2009), λ v  equals the sum of ventilation and duct leakage rates. 
4SOA-M1 and SOA-M2 predict identical results and are only listed once except for italicized values, which 
are results from SOA-M1.  See text for more details. 
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Table 4. Results of Monte Carlo analyses, including the 10th, 50th, and 90th percentiles for pre-
dicted steady-state and transient concentrations, as well as the geometric mean (GM) and geomet-
ric standard deviation (GSD) for their lognormal fits. Transient results are the peak predicted val-
ues.   
      Steady-state results Transient results 
Parame-
ter 
Scenar-
io1 
Terpe-
noid2 10th% 50th% 90th% GM GSD 10th% 50th% 90th% GM GSD 
C O3 3  R1 lim1 4.6 11 28 11 2.0 4.6 12 28 11 2.0 
(ppb)   apin 4.6 12 28 11 2.0 4.6 12 28 11 2.0 
  R2, R3 lim1 1.1 3.8 13 3.7 2.6 1.2 4.2 13 4.1 2.5 
    apin 1.2 4.0 13 4.0 2.5 1.3 4.2 13 4.1 2.5 
  O1 lim1 2.6 6.8 18 6.8 2.1 2.7 7.1 19 7.1 2.1 
    apin 2.7 7.0 19 7.0 2.1 2.8 7.2 19 7.2 2.1 
                          
C terp R1 lim1 1.6 3.7 9.0 3.7 1.9 316 543 925 542 1.5 
(ppb)   apin 1.7 3.9 10 4.0 1.9 317 545 928 545 1.5 
  R2, R3 lim1 4.7 15 45 15 2.4 343 583 991 583 1.5 
    apin 5.2 16 48 16 2.3 344 585 992 584 1.5 
  O1 lim1 3.3 7.6 19 7.8 1.9 333 572 971 570 1.5 
    apin 3.6 8.2 20 8.4 1.9 335 573 972 572 1.5 
                          
C Mb R1 lim1, apin 1.3 3.0 6.3 2.9 1.8 1.3 3.0 6.3 2.9 1.8 
(μg/m3) R2 lim1, apin 0.47 1.3 3.0 1.2 2.1 0.47 1.3 3.0 1.2 2.1 
  R3 lim1, apin 8.2 20 56 21 2.1 8.2 20 56 21 2.1 
  O1 lim1, apin 0.54 1.6 3.9 1.5 2.2 0.54 1.6 3.9 1.5 2.2 
                          
C SOA R1 lim1 0.040 0.14 0.54 0.15 2.7 2.0 5.8 19 6.0 2.4 
 (μg/m3)   apin 0.016 0.061 0.25 0.02 2.9 1.0 3.4 11 3.4 2.5 
  R2 lim1 0.083 0.37 1.7 0.37 3.2 1.1 4.0 15 3.9 2.8 
    apin 0.026 0.13 0.65 0.13 3.5 0.45 2.3 9.6 2.1 3.4 
  R3 lim1 0.24 1.2 5.2 1.1 3.3 2.9 9.3 31 9.3 2.5 
    apin 0.12 0.55 2.3 0.52 3.1 1.9 5.7 16 5.6 2.3 
  O1 lim1 0.050 0.22 0.87 0.21 3.1 1.3 4.3 15 4.3 2.7 
    apin 0.015 0.080 0.37 0.07 3.5 0.53 2.5 10 2.3 3.2 
1Scenario R1: residence with natural ventilation air exchange, and organic particles from outdoors; R2: res-
idence with infiltration and recirculation air exchange, and organic particles from outdoors; R3: same as 
R2 but with organic particles also from indoor smoking; and O1: office with infiltration, mechanical ven-
tilation, and recirculation air exchange, and organic particles from outdoors. Input distributions for 
Monte Carlo runs are in Table 2. 
2These labels correspond to the yield curves for d-limonene (lim1) and α-pinene (apin) in Table 1 and Fig-
ure 1.  
3C O3  values are initial conditions of ozone during the transient scenarios, which were also the maxima. 
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Table 5.  Standardized regression coefficients (SRC) of linear models of steady-state (SS) and 
peak transient (T) yields for inputs directly affecting SOA formation, listed by Monte Carlo sce-
narios.  Only influential parameters (|SRC| ≥ 0.1) are listed, with the most influential one for each 
scenario in bold. 
    Scenario3 R1 Scenario R2 Scenario R3 Scenario O1 
Parameter1 Terpenoid2 SS T SS T SS T SS T 
C O3 lim1 0.077 0.87 0.24 0.90 0.049 0.44 0.15 0.86 
  apin 0.035 0.70 0.14 0.73 0.045 0.35 0.070 0.68 
C terp lim1 0.10 0.26 0.23 0.19 0.043 0.086 0.16 0.20 
  apin 0.050 0.30 0.13 0.23 3.9E-04 0.091 0.081 0.24 
C Mb lim1 0.96 0.35 0.75 0.27 0.91 0.84 0.78 0.32 
  apin 0.97 0.56 0.91 0.43 0.70 0.67 0.89 0.46 
λ i lim1 - - -0.14 -0.37 -0.095 -0.24 0.0042 -0.049 
  apin - - -0.072 -0.31 -0.23 -0.30 0.0063 -0.038 
λ n lim1 -0.037 -0.28 - - - - - - 
  apin -0.014 -0.27 - - - - - - 
λ v lim1 - - - - - - -0.024 -0.23 
  apin - - - - - - -0.0036 -0.19 
η SOA ·λ r lim1 - - -0.23 -0.24 -0.080 -0.15 -0.28 -0.25 
  apin - - -0.11 -0.24 -0.22 -0.28 -0.15 -0.29 
1Parameter β SOA  is excluded from this table since its |SRC| < 0.1 in all scenarios. 
2Labels correspond to the yield curves for d-limonene (Y lim1 ) and α-pinene (Y apin ) in Table 1 and Figure 1.  
3Scenario R1: residence with natural ventilation air exchange, and organic particles from outdoors; R2: res-
idence with infiltration and recirculation air exchange, and organic particles from outdoors; R3: same as 
R2 but with organic particles also from indoor smoking; and O1: office with infiltration, mechanical ven-
tilation, and recirculation air exchange, and organic particles from outdoors. Input distributions for 
Monte Carlo runs are in Table 2. 
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Figure 1. SOA yields, Y (-), as a function of total organic particle concentration, M org  (μg/m3), 
for the ozonolysis of indoor-occurring terpenoids.  Yield curves are one- or two-product model 
fits in Table 1, which also lists our terpenoid naming convention.  Individual plots show: (a) 
yields of six terpenoids versus M org  with the abscissa on a linear scale; (b) Y lim1 , as well as the 
individual products in the two-product model for Y lim1 , versus M org  with the abscissa on a log10  
scale; and (c) Y lim1 , Y lim2 , as well as Y lim1 for two different values of K 2  (5 and 20 instead of 1 
m3/μg), versus M org  with the abscissa on a log10  scale.   
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Figure 2. Modeled and measured results of transient SOA concentrations, CSOA (μg/m3), versus 
time (h), for the Orange Oil Degreaser (OOD) case from Singer et al. (2006a).  SOA formation 
was predicted with SOA-M1, with model details and inputs described in the text. The four lines 
labeled as different values of “dt” in the legend display predicted outcomes using different time 
steps (Δt) with the Runge-Kutta order 4 numerical solution.  The line labeled “Singer et al. 
2006a” represents the measured data supplied by the authors.   
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Figure 3. Box plots and lognormal fits (GM = geometric mean; GSD = geometric standard devia-
tion) for ozonolysis yield, Y (-), distributions for steady state and transient scenario Monte Carlo 
analyses.  Abbreviations are for residential (R) and office (O) scenarios: R1 has indoor organic 
background particles (i.e., C Mb ) due to outdoor sources with natural ventilation air exchange; R2 
has C Mb  due to outdoor sources with infiltration and recirculation air exchange; R3 is the same as 
R2 but with C Mb  also due to indoor smoking; and O1 has C Mb  due to outdoor sources with infil-
tration, mechanical ventilation, and recirculation air exchange.  Monte Carlo input parameters are 
listed in Table 2.  Boxes describe 25th, 50th, and 75th percentiles, whiskers describe 5th and 95th 
percentiles, and dots are outliers. 
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Distributions for Monte Carlo Analysis in Table 2 
This supplemental text details how the input distributions for the Monte Carlo analyses listed in 
Table 2 of this paper were derived.  References cited herein follow this text. 
Outdoor concentrations.  For outdoor concentration distributions, we used the average of EPA 
2010 1-hour data for ozone and PM 2.5  from all monitoring sites in six US cities with differing air 
quality and climate: Houston, Los Angeles, Minnesota, Philadelphia, Phoenix, and Seattle.  Data 
were well-approximated as lognormal distributions with a geometric mean (GM) and geometric 
standard deviation (GSD).  For C O3,o , we fit GM (GSD) = 25.5 ppb (2.04), with a maximum ob-
served concentration of 130 ppb.  For C Mb,o , we multiplied the PM 2.5  concentration by the frac-
tion of PM 2.5  that is assumed as organic.  For PM 2.5  we fit GM (GSD) = 10.52 μg/m3 (1.95), with 
a maximum observed concentration of 194 μg/m3, and an estimated organic fraction of 30% 
(USEPA 1996).  PM 2.5-10  was neglected since much less of it is organic (USEPA 1996) and most 
of it is lost indoors due to removal mechanisms (Riley et al. 2002). 
Air exchange rates.  As in Riley et al. (2002), for the residential λ i  probability distributions, we 
used a GM (GSD) = 0.53 h-1 (2.27), which is from Murray and Burmaster (1995).  For the resi-
dential λ r  probability distributions, we used data from Stephens et al. (2011), who reported aver-
age daily recirculation rates for 17 different HVAC systems in Austin, Texas.  Their rates were 
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well-approximated with a lognormal distribution with a fit of GM (GSD) = 1.5 h-1 (1.9) and a 
maximum observed value of 4.5 h-1.  Also as in Riley et al. (2002), the office probability distribu-
tions are as follows: the λ i  is GM (GSD) = 0.25 h-1 (1.5), the λ v  is GM (GSD) = 0.73 h-1 (1.8), 
and the λ r  is GM (GSD) = 3.0 h-1 (1.5). 
Ozone surface loss rates.  As in Morrison et al. (2011), for the β O3  distribution, the lognormal fit 
from the USEPA (2006) to data from Lee et al. (1999) was used, which was GM (GSD) = 2.5 h-1 
(1.5) with an allowable range of 0.95 to 8.05 h-1.  This same value was used for both the residen-
tial and office scenarios, since there is less information on office ozone deposition in the literature 
(Weschler 2000). 
Integrated particle removal parameters.  Parameters include penetration through the building en-
velope (p), surface deposition rates (β SOA  and β Mb), and filter removal efficiencies (η SOA, η Mb,o , 
and η Mb).  These parameters depend on particle diameter, so this analysis used integrated values 
that were determined with representative SOA, outdoor, or indoor mass distributions.  Relevant 
size distributions were converted to mass distributions by assuming spherical particles with a den-
sity of 1 g/cm3.  For SOA, we converted the tri-modal lognormal size-distributions of the two 
OOD-HL experiments in Coleman et al. (2008) into a single uni-modal mass distribution.  For an 
outdoor distribution, we converted the Urban size-distribution in Riley et al. (2002).  Residential 
and office scenarios had separate indoor distributions.  Indoor particle mass distributions were 
found by converting the indoor size distribution found with a size-resolved mass balance on the 
Urban distribution, with relevant GM air exchange rates and size-resolved values of penetration, 
surface deposition, and filtration.  For penetration, we used the theory of Liu and Nazaroff (2001) 
and methods and parameter values of Riley et al. (2002).  Deposition rates were determined using 
the theory of Lai and Nazaroff (2000), for a surface area to volume ratio of 3 m-1 and a friction 
velocity of 3 cm/s (Riley et al. 2002).  Efficiencies for a MERV 11 filter were used (Waring and 
Siegel 2008, 2010).   
153 
 
For this outdoor distribution, the integrated value for penetration is p = 0.72.  This same value 
was used for residential and office spaces and was not varied as a probability distribution due to 
uncertainty.  The integrated GM (GSD) for surface deposition rates were, β SOA = 0.060 h-1 (1.5) 
and β Mb  = 0.14 h-1 (1.5), which both used a GSD equal to that of β O3 .  Since β O3 , β SOA and β Mb  
are dependent on surface characteristics, they are likely related.  To correlate β O3 , β SOA and β Mb  
in our Monte Carlo analyses, we generated random β O3 , β SOA and β Mb  values with same probabil-
ities of occurrence.  For filter efficiency distributions, we assumed the integrated value of η SOA 
for a MERV 11 filter, which was 0.1, as the GM of the distribution and the integrated MERV 15 
value as the 95th percentile, which yielded a GSD of 3.5.  Since for any filter, η Mb,o  and η Mb  val-
ues are related to η SOA, we used integrated values of these three parameters for MERV 6, 11 and 
15 filters from Waring and Siegel (2008, 2010) to find linear correlations that relate η Mb,o  and η M-
b  to η SOA.  Linear correlations have R2 > 0.98, and are η Mb,o = 1.13η SOA, η Mb  =1.15η SOA for of-
fice scenarios, and η Mb  =1.55η SOA for residential scenarios.  
Volume-normalized indoor particle emission rates.  For R3, we assumed there were time-aver-
aged emissions due to smoking, of which we assumed 70% was organic matter.  We used a mass 
balance to calculate minimum and maximum  emission using data from smoking and non-smok-
ing homes (Holcomb 1993), by using those reported concentrations with our GM air exchange 
rates and surface deposition rates.  Taking these minimum and maximum rates as 5th and 95th 
percentiles, we fit a lognormal distribution and the GM (GSD) was 26.5 μg/m3∙h (2) with an ob-
served range of 7 to 100 μg/m3∙h. 
Volume-normalized indoor terpenoid emission rates.  For steady-state and transient terpenoid 
emissions, two different consumer product usages were modeled.  E terp /V values were derived for 
d-limonene and identical values were used for α-pinene emissions so that their results could be 
directly compared, using yield values of Y lim1  and Y apin .  Each E terp /V consisted of a constant 
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background emission plus an emission distribution due to the consumer product use.  The back-
ground was determined using a mass balance on the d-limonene background concentration re-
ported in Brown et al. (1994), assuming our GM air exchange rates.  The steady-state E terp /V was 
from an air freshener.  A similar mass balance was applied to the air freshener results in Singer et 
al. (2006b) for d-limonene, using their air exchange rate (1 h-1) and volume (50 m3) to find the 
GM of the distribution.  To estimate the GSD, we assumed the 5th and 95th percentiles were 0.1 
and 10 times the GM, so the GM (GSD) for the air freshener was E terp /V = 36.8 μg/m3∙h (2.29).  
The transient E terp /V was from a terpenoid-containing cleaner, which was calculated using distri-
butions for the mass of d-limonene emitted as well as for the time of use of the product.  To fit a 
mass emission distribution, we used data from Table 6 in Singer et al. (2006b) to calculate the 
GM, and then we estimated the GSD by assuming minimum and maximum mass emissions were 
the 5th and 95th percentiles, so that GM (GSD) = 168 mg (1.58).  We similarly found the time of 
emission distribution, which was GM (GSD) = 4.33 min (1.32).  Results from these two distribu-
tions, along with their volume of 50 m3, were used to calculate the E terp /V for the transient emis-
sion due to cleaner use.  The E terp /V was operational for its particular time of emission and then 
set to zero.  Reaction rate constants were 0.0183 and 0.0076 ppb-1 h-1 for d-limonene and α-pi-
nene, respectively (Atkinson et al. 1990), for T = 25 °C. 
  
155 
 
References 
Atkinson, R., Hasegawa, D., and Aschmann, S.M. (1990) Rate constants for the gas-phase 
reactions of O3 with a series of monoterpenes and related compounds at 296 ± 2 K, Int. J. 
Chem. Kinet.I, 22, 871-887. 
Brown, S.K., Sim, M.R., Abramson, M.J., and Gray, C.N. (1994) Concentrations of volatile 
organic compounds in indoor air – A review, Indoor Air, 4, 123-134. 
Coleman, B.K., Lunden, M.M., Destaillats, H. and Nazaroff, W.W. (2008) Secondary organic 
aerosol from ozone-initiated reactions with terpene-rich household products, Atmos. Environ., 
42, 8234-8245. 
Holcomb, L.C. (1993) Indoor air quality and environmental tobacco smoke: Concentration and 
exposure, Environ. Int., 19(1), 9-40. 
Lai, A.C.K. and Nazaroff, W.W. (2000) Modeling indoor particle deposition from turbulent flow 
onto smooth surfaces, J. Aerosol. Sci., 31(4), 463-476. 
Lee, K., Vallarino, J., Dumyahn, T., Ozkaynak, H. and Spengler, J. (1999) Ozone decay rates in 
residences, J. Air Waste Manage., 49, 1238-1244. 
Liu, D.-L. and Nazaroff, W.W. (2001) Modeling pollutant penetration across building envelopes, 
Atmos. Environ., 35(26), 4451-4462. 
Morrison, G.C., Shaughnessy, R. and Shu, S. (2011) Setting maximum emission rates from ozone 
emitting consumer appliances in the United States and Canada, Atmos. Environ., 45, 2009-
2016. 
Murray, D.M. and Burmaster, D.E. (1995) Residential air exchange rates in the United States: 
Empirical and estimated parametric distributions by season and climatic region, Risk. Anal., 
15, 459-465. 
Riley, W.J., Mckone, T.E., Lai, A.C.K. and Nazaroff, W.W. (2002) Indoor particulate matter of 
outdoor origin: Importance of size-dependent removal mechanisms, Environ. Sci. Technol., 
36, 200-207. 
156 
 
Singer, B.C., Destaillats, H., Hodgson, A.T. and Nazaroff, W.W. (2006b) Cleaning products and 
air fresheners: emissions and resulting concentrations of glycol ethers and terpenoids, Indoor 
Air, 16(3), 179-191. 
Stephens, B., Siegel, J.A. and Novoselac, A. (2011) Operational characteristics of residential and 
light-commercial air-conditioning systems in a hot and humid climate zone, Build. Environ., 
46, 1972-1983. 
USEPA (1996) Review of the Ambient Air Quality Standard for Particulate Matter: Policy 
Assessment of Scientific and Technical Information. OAQPS Staff Paper. EPA-452_R-96-
013. Research Triangle Park. North Carolina. 
USEPA (2006) Ozone Population Exposure Analysis for Selected Urban Areas. US 
Environmental Protection Agency, Research Triangle Park, NC. 
Waring, M. and Siegel, J. (2008) Particle loading rates for HVAC filters, heat exchangers, and 
ducts, Indoor Air, 18, 209-224. 
Waring, M.S. and Siegel, J.A. (2010) The influence of HVAC systems on indoor secondary 
organic aerosol formation, ASHRAE Trans., 116, 556-571. 
Weschler, C.J. (2000) Ozone in Indoor Environments: Concentration and Chemistry, Indoor Air, 
10(4), 269-288. 
  
157 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix B 
  
158 
 
Transient secondary organic aerosol formation from limonene ozonolysis in indoor environ-
ments: Impacts of air exchange rates and initial concentration ratios 
Somayeh Youssefi and Michael S. Waring* 
 
*Corresponding author information: 
 Email: msw59@drexel.edu  
 Telephone: 1-215-895-1502 
 Fax: 1-215-895-1363 
 
 
ABSTRACT 
 Secondary organic aerosol (SOA) results from the oxidation of reactive organic gases 
(ROGs) and is an indoor particle source.  The aerosol mass fraction (AMF), a.k.a. SOA yield, 
quantifies the SOA forming potential of ROGs and is the ratio of generated SOA to oxidized 
ROG.  The AMF depends on the organic aerosol concentration, as well as the prevalence of later 
generation reactions.  AMFs have been measured in unventilated chambers or steady-state flow 
through chambers.  However, indoor settings have outdoor air exchange, and indoor SOA for-
mation often occurs when ROGs are transiently emitted, for instance from emissions of cleaning 
products.  Herein, we quantify ‘transient AMFs’ from ozonolysis of pulse-emitted limonene in a 
ventilated chamber, for 18 experiments at low (0.28 h-1), moderate (0.53 h-1), and high (0.96 h-1) 
air exchange rates (AER) with varying initial ozone-limonene ratios.  Transient AMFs increased 
with the amount of ROG reacted; AMFs also increased with decreasing AERs and increasing ini-
tial ozone-limonene ratios, which together likely promoted more ozone reactions with the remain-
ing exocyclic bond of oxidized limonene products in the SOA phase.  Knowing the AER and ini-
tial ozone-limonene ratio is crucial to predict indoor transient SOA behavior accurately.  
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INTRODUCTION 
Cooking,1 smoking,2 and resuspension3 are aerosol emission sources indoors.4  Another 
source is the secondary organic aerosol (SOA) formation that results from the oxidation of reac-
tive organic gases (ROGs) by ozone (O 3 ), hydroxyl radicals (OH), or nitrate radicals (NO 3 ).  
ROG oxidation forms gaseous products, some of which have low vapor pressures and generate 
SOA by partitioning to available aerosols or self-nucleating.5  SOA can contribute up to 70% of 
urban organic aerosols,6, 7 and indoors, ozone and terpenoid reactions generate SOA8-15 that can 
meaningfully influence organic aerosol concentrations.16  Indoor ozone from outdoor-to-indoor 
transport is typically at ~20–70% of outdoor concentrations,17, 18 and it may be emitted indoors 
from appliances19 or equipment.20  Indoor terpenoid concentrations are mostly due to emissions 
from products such as air fresheners,15, 21 perfumes, and cleaning agents.22  The dominant indoor 
terpenoid is limonene; it is the focus of this article and may reach up to 50 ppb in residences for 
48-hour integrated samples23, or up to 1,000 ppb during product use.21 
 
SOA is composed of numerous ROG oxidation products, and despite many studies,5, 14, 24-
29 the exact pathways of SOA formation and growth remain uncertain.  To parameterize for-
mation, researchers use the ‘aerosol mass fraction’ (AMF),30, 31 which is also called the ‘SOA 
yield’ and is the ratio of SOA mass produced, ΔC SOA (μg/m3), to ROG mass reacted, ΔROG 
(μg/m3).12, 30  Unlike molar yields, the AMF for the oxidation of a particular ROG is not constant.  
The AMF framework developed by Odum et al.32 uses the gas-particle partitioning theory of 
Pankow33, 34 to describe the dependence of the AMF on the total organic aerosol concentration, 
C OA (μg/m3): 
AMF = Δ𝐶𝐶SOA
ΔROG =  �𝛼𝛼𝑖𝑖 �1 + 𝑐𝑐𝑖𝑖∗𝐶𝐶OA�−1𝑖𝑖  (1) 
which accounts for the summed contributions of mutliple oxidation products; α i  is the mass-
based yield of product i; and c i * (µg/m3) is the effective gas-phase saturation concentration of 
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product i.  AMF experiments are fit with Equation 1 by letting both α i  and c i * parameters vary 
for a certain number of hypothetical products (usually one or two), or with the ‘volatility basis 
set’ approach, which constrains c i * at logarithmic intervals (e.g. 0.1 to 1,000 µg/m3) and fits α i  
only at those c i *. 
  
Experiments to measure AMFs are often performed in batch reactors (i.e., unventilated 
chambers) to mimic the atmosphere.32, 35-46  For instance, Zhang et al.47 measured unit density nor-
malized ‘batch AMFs’ for limonene ozonolysis ranging from 0.05–1.1 for a C OA of ~0.1–1,000 
µg/m3, and Presto and Donahue48 measured AMFs for α-pinene ozonolysis of 0.01–0.35 over the 
same C OA range.  These experiments were performed in ozone-excess conditions to ensure full 
ROG oxidation, which is an important point for limonene, because it is doubly unsaturated with 
endo- and exocyclic double bonds.  For ozone-limited conditions, the endo- bond is preferentially 
attacked by ozone,47 resulting in lower AMFs that resemble those from ozonolysis of α-pinene or 
limona ketone,49 which both have single endo- double bonds.  At low NO x (NO + NO 2 ) condi-
tions, the exo- bond is oxidized within the aerosol rather than in the gas phase; at high NO x con-
ditions, this exo- bond oxidation can occur in the gas phase.47, 50 
 
Indoor environments have air exchange with the outdoor air; e.g. U.S. residences51 typi-
cally have air exchange rates (AER) of ~0.2 to 1.5 h-1 and offices52 of ~0.50 to 5.9 h-1.  Therefore, 
experimental chambers operated as continuously mixed flow reactors (CMFR) better represent 
indoor spaces than do batch reactors.  Higher AERs reduce SOA formation53 because they likely 
reduce residence times during which later generation reactions can occur and flush products from 
the system with exhaust air.  To date, CMFRs have been used to measure ‘steady state AMFs,’ in 
which reactants were continuously introduced into chambers,7, 10, 54-56 though the AER has not 
been varied systematically to quantify its impact on AMFs.  Chen and Hopke55 measured limo-
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nene ozonolysis steady state AMFs at an AER = 0.67 h-1; at similar C OA, they were lower in mag-
nitude than batch AMFs from Zhang et al.47, though the Chen and Hopke55 AMFs were for much 
lower ozone-limonene ratios. 
 
 Steady state AMFs may not always well describe indoor SOA generation, which may oc-
cur when ROGs are transiently emitted, for instance from pulse emissions of products such as 
cleaners.21  We are unaware of any studies that have determined ‘transient AMFs’ for dynamic 
reactant combinations in CMFRs with air exchange.  Therefore, we explored SOA formation 
from a non-replenished combination of limonene and ozone in a CMFR system.  Limonene was 
used because it has the highest AMFs of any monoterpene, is prevalent indoors, and its double 
unsaturation makes it interesting because air exchange timescales may compete with secondary 
exo- bond oxidation timescales.  To quantify impacts of AER and ozone-limonene ratios, we per-
formed 18 experiments at low (0.28 h-1), moderate (0.53 h-1), and high (0.96 h-1) AERs at differ-
ent initial ozone-limonene ratios.  Using a dynamic indoor SOA formation framework we previ-
ously developed,57 transient AMFs were parameterized as functions of variables useful for pre-
dicting SOA formation in indoor formation models. 
 
METHODOLOGY 
Experimental method.  Experiments were performed in the CMFR system in Figure 1, 
which uses a stainless steel chamber of volume = 1 m3 and surface area = 6 m2.  A zero air gener-
ator (Environics 7000) supplied dehumidified, particle-filtered, clean air (SO 2 , NO x, O 3  < 0.5 
ppb; CO, hydrocarbons < 0.02 ppm) as the primary air stream at controlled rates (Aarlborg 
GFC171S), which was split into eight entry points within the chamber to ensure mixing, as veri-
fied by tracer tests.  Ozone was introduced into the chamber by a calibration source (2B Technol-
ogies, 306) at desired initial concentrations, and a powerful generator (Absolute Ozone, Nano) 
produced ozone at ~250 ppm to clean the chamber between experiments.  Limonene was pulsed 
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into the chamber by using a syringe pump (New Era Pump Systems 300) to deliver a liquid solu-
tion of limonene (Sigma Aldrich, 98%) in methanol (Sigma Aldrich, 99.9%) to a heated injection 
area with a separate clean air stream (volume ratio of methanol-to-limonene = 49:1).   
 
Relative humidity (RH), temperature (Onset HOBO U12), and ozone (2B Technologies 
205, uncertainty > of 1 ppb or 2%, flow = 1.5 L/min) were measured each minute.  Artifacts in 
ozone measurement may exist at high limonene concentrations, but this was within instrument 
noise for our experiments, based on previous characterizations.  The chamber limonene was 
measured every ~20 min using gas chromatograph, flame ionization detection (GC-FID), 
equipped with a pump (1 min samples), Tenax adsorption, and thermal desorption system (SRI 
GC8610C).  A calibration curve for limonene was prepared by drawing samples through the sam-
pling system from 3 L Tedlar bags with amounts of limonene in a volume of 2.5 L of clean air 
(R2 = 0.99).  Limonene measurement had an uncertainty of 8%, equal to two standard deviations 
of calibration standards.  The chamber particle size distribution and volume loading were meas-
ured over one minute averages using a Fast Mobility Particle Sizer, FMPS (TSI 3091, flow = ~8 
L/min).  For low and medium AERs, the sum of instrument flows exceeded the chamber flow.  
For these cases, the FMPS flow was diluted by the necessary amount with make up flow from the 
zero air generator; FMPS concentrations were adjusted to account for this dilution.  
 
We performed 18 experiments with six each at low, moderate, and high AERs with vary-
ing initial ozone-limonene ratios without seed particles, at room temperature and low RH so that 
we could compare our results to others using similar conditions.47, 49, 55  Between experiments, the 
chamber was cleaned with ~250 ppm ozone, followed by clean air flushing.  After that, ozone 
was generated to reach its target initial concentration.  Then, an amount of limonene solution was 
injected to the chamber for 30 s to generate limonene in the chamber near its desired target con-
centration.  Flows were measured (Sensidyne Gilian Gilibirator) at the end of the experiments.  
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Chamber pressure was maintained at 25 Pa relative to surroundings.  The SOA deposition rate 
was determined with a first order decay function once formation ceased.  Though ozone and limo-
nene reactions generate OH,58-61 we did not use OH scavengers; however, the methanol used as 
the solvent had a minimal effect on OH and formation (discussed below). 
 
AMF calculation method.  We calculated unit density AMFs, which used the SOA vol-
ume loading from the FMPS and assumed a particle density of 1 g/cm3, so that our results could 
be compared to others47, 49 who did the same.  To calculate AMF parameters, knowing the initial 
concentration of the parent ROG was necessary.  With our apparatus, we could not measure the 
limonene concentration at time zero, so we estimated the initial concentration of limonene by us-
ing an Euler solution for limonene decay due to ozonolysis (reaction rate of 0.0183 ppb-1 h-1)62 
and air exchange.  Using measured ozone concentrations, we solved for the initial limonene con-
centration for each experiment by calculating the one that minimized the sum of least squared dif-
ference between measured limonene concentrations and those predicted with the Euler solution, 
at times of GC-FID measurements.  After finding the initial limonene concentration, the predicted 
limonene concentrations at each minute were also determined.   
 
In batch systems, the AMF is the ratio of the formed SOA mass (wall-loss corrected) and 
converted ROG mass,32, 35-37, 40, 42-45 and in steady state systems, it is the ratio of the steady state 
rate of formed SOA (wall-loss corrected) and rate of ROG conversion.7, 54, 55  However, our sys-
tem had air exchange and reactants were not replenished, requiring a dynamic framework.  We 
followed method SOA-M2 from Youssefi and Waring57 that describes the SOA concentration as a 
function of the amount of ROG oxidation products in the chamber over time and is a modified 
form of the framework in Kroll and Seinfeld,63 which predicts SOA as a function of ΔROG for 
batch systems.  We recognize that the ΔROG in a batch system is proportional to the increase in 
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the products that may partition to form SOA mass and instead track the concentration of a hypo-
thetical product dROG, C dROG  (µg/m3), which is a lumped compound representing limonene oxi-
dation products in the chamber at any time.  In batch reactors, C dROG  = ΔROG, but in CMFR sys-
tems, C dROG  < ΔROG.  
 
 Youssefi and Waring57 derived an equation to predict C dR O G  in a dynamic system by 
substituting C SOA = (AMF·C dROG ) into a differential equation for C SOA that considered formation 
due to ozonolysis of one terpenoid only, computing the derivative of d(AMF·C dROG )/dt, and then 
rearranging, so that: d𝐶𝐶dROGd𝑡𝑡 = 𝑘𝑘𝐶𝐶O3𝐶𝐶lim𝛤𝛤lim − �𝜆𝜆 + 𝛽𝛽SOA +  1AMF d(AMF)d𝑡𝑡 � 𝐶𝐶dROG (2) 
where t (h) is time; k (ppb-1 h-1) is the reaction rate constant between ozone and limonene; C O3  
and C lim  (ppb) are the ozone and limonene mole fractions, respectively; Γ lim  is a conversion fac-
tor to change units from ppb to μg/m3 for limonene; λ (h-1) is the AER; and βSOA (h-1) is the SOA 
deposition rate.  Using Equation 2, we solved for C dROG  at each minute with a Runge-Kutta order 
4 numerical solution (discussed further below).  However, to account for the additional source of 
C dROG  by OH and limonene reactions, we replaced the source term of kC O3 C lim  (i.e., for ROG 
ozonolysis only) with one determined by actual changes in limonene for each minute.  Equation 2 
neglects condensation of oxidation products to chamber walls, as it has been estimated as at least 
an order of magnitude slower than condensation onto aerosols for a chamber at ~1.7 of our cham-
ber surface-to-volume ratio.64 
 
 Once C dR O G  is known, if instantaneous equilibrium is assumed, our method describes the 
time-varying SOA concentration, C SOA (µg/m3), with a rearranged form of Equation 1: 
𝐶𝐶SOA = 𝐶𝐶dROG · AMF =  𝐶𝐶dROG�𝛼𝛼𝑖𝑖 �1 + 𝑐𝑐𝑖𝑖∗𝐶𝐶SOA�−1𝑖𝑖  (3) 
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Equation 3 thus predicts C SOA as a function of C dR O G , and using observed C SOA and calculated 
C dROG , we can determine the AMF parameters α i  and c i * for each experiment.  Partitioning for 
the typical sizes of SOA particles should occur quickly,65 so the equilibrium assumption is rea-
sonable.  One- and two-product solutions have been solved for C SOA with Equation 3 for cases 
without and with background organic aerosol.63  For our experiments, we found that C SOA was 
well-described by solving Equation 3 with one volatility bin (c*) without background aerosol, so 
that the multiproduct solution of Equation 3 simplified to this one-product solution:  
𝐶𝐶SOA = 𝐶𝐶dROG · 𝛼𝛼 �1 + 𝑐𝑐𝑖𝑖∗𝐶𝐶SOA�−1 = 𝛼𝛼𝐶𝐶dROG − 𝑐𝑐∗ (4) 
Therefore, two parameters in Equation 4 describe the formation, α and c*, and with these, C SOA 
can be algebraically solved for at any point in time that C dROG  is known.  Once the parameters α 
and c* are known, the AMF for a particular value of C SOA is determined with Equation 1. 
 
 Equation 2 for C dROG  represents a surrogate for all limonene oxidation products in the 
SOA or volatile phases and has losses of (β SOA + [1/AMF]·[d(AMF)/dt]).  The reasons for this 
loss are discussed explicitly in our article57 with the derivation.  However, we should point out 
two ramifications of this loss term for our method of determining AMF parameters.  The first is 
that the surface loss rate, β SOA, has been included in the C dROG  term, so C SOA is not corrected for 
wall losses directly.  In our previous work,57 we demonstrated that this method produced the same 
solution as solving for C SOA directly with a differential equation including β SOA (method SOA-
M1 in that article).  The second is that when solving Equation 2, the value of 
[1/AMF]·[d(AMF)/dt] is required, which is problematic since the AMF parameters are ultimately 
what are being determined.  As such, we solved Equation 2 iteratively by determining the AMF at 
each time step with measured C SOA values and assuming a fixed c* = 1 µg/m3 (see below) while 
letting α vary for each iteration, until previous and current solutions converged. 
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RESULTS AND DISCUSSION 
 Summary of results.  Table 1 lists the experimental conditions, including initial reactant 
concentrations, as well as results of the peak SOA mass and number size distributions, grouped 
by the AER with ozone-limited experiments listed first within each group, and the SOA surface 
deposition rates.  Mean (± standard deviation, S.D.) AERs by group were 0.28 (0.02), 0.53 
(0.005), and 0.96 (0.008) h-1.  The temperature was stable at a mean of 23 °C and RH was less 
than 10% for all experiments except for E8, during which both were higher due to more extreme 
laboratory conditions.  Across experiments, the measured initial ozone ranged from 45–295 ppb 
and the predicted initial limonene from 20–663 ppb.  
 
We can qualitatively compare results across AERs since the initial concentrations for 
each set of AER experiments were somewhat similar.  The maximum SOA mass concentration 
decreased as the AER increased, and the mean (± S.D.) of low, moderate, and high AERs were 
109 (107), 37 (18), and 17 (12) μg/m3, respectively.  Peak number was also negatively related to 
AER, and the mean number (± S.D.) at low, moderate, and high AERs were 2.23×105 (1.60×105), 
1.89×105 (9.15×104), and 9.53×104 (8.86×104) #/cm3, respectively.  The peak size distributions 
were lognormal, but their geometric means (GM) and geometric standard deviation (GSD) were 
not functions of the AER; the mean GMs according to the three AERs ranged from 40–59 nm and 
GSDs of ~1.5 were constant over nearly all experiments.  Overall, peak GMs were lower than 
those in Waring et al.13 for a semi-batch system, but GSDs were similar.  Peak number always oc-
curred earlier than peak mass. 
 
Transient SOA formation.  Figure 2a–c illustrates time-resolved results for three experi-
ments, with one at each AER for low initial ozone-limonene ratios.  (Note the differences in scale 
for the ordinates in this plot.  These plots are not meant to convey a representative decrease in 
SOA formed due to AER changes; this and other relationships are quantified in later analyses.)  
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Measured ozone, limonene, and SOA are shown, along with predicted limonene, CdROG , and 
C SOA (SOA prediction discussed next paragraph).  At t = 0 h, the ozone and limonene began de-
caying from chemical reactions and air exchange.  As ozone and limonene reacted, the SOA in-
creased, peaked, and then decreased due to air exchange and deposition, as well as because the 
SOA formation strength decreased as the ozone and limonene decreased.  The C dROG  behaved 
similarly in trend to C SOA.  Most experiments showed good agreement between the measured and 
predicted limonene, with agreement slopes of 0.95–1.02 and R2 ≥ 0.81.  However, E4 and E5 had 
poor fits and E17 was fit with only one data point, so the results from these experiments are not 
included in analysis in Sections 3.3 and 3.4.   
 
To assess the influence of OH-limonene conversion, we compared the results of peak 
C dROG  across experiments when predicting C dROG  with (i) the source term using observed 
changes in limonene (which was what we used to generated C dROG  for our analysis) and with (ii) 
the source term of kC O3 C lim  (k = 0.0183 ppb-1 h-1)62 assuming that their difference was from OH-
limonene oxidation.  This analysis suggested that an average of 91% of limonene reacted with 
ozone and 9% with OH.  Our experiments used methanol as a solvent to introduce the limonene.  
Using an OH modeling approach similar to Chen and Hopke55 but including estimated methanol 
as well, we predict if methanol were not present that 73% of limonene would have reacted with 
ozone and 27% with OH.  However, OH reactions with limonene yield products with three added 
oxygen atoms66 that are similar to ozonolysis products, so the product volatility distribution and 
resulting AMFs should be little affected.67 
 
Figure 2d–f shows measured C SOA versus predicted C dROG  for the same three experi-
ments.  For these and all experiments, AMF parameters of α and c* were fit to the C SOA as func-
tion of C dROG  using Equation 4.  Example linear fits are on Figure 2d–f, and fits for all experi-
ments are in Table 2.  We performed three distinct fits to the data: (i) the first ‘<MAX’ is a fit for 
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results prior to the peak SOA concentration and once the new C SOA exceeded 1 μg/m3; (ii) the 
second ‘>MAX’ is for results after the peak SOA concentration; and (iii) the third ‘ALL’ is for all 
SOA results but with a fixed c* = 1 μg/m3.  The overall uncertainties for these parameters are less 
than 15%, given measurement uncertainties.  The ALL fit was assigned c* = 1 μg/m3 since the av-
erage c* for <MAX and >MAX fits was 1.95 μg/m3 (if E10 for <MAX is excluded).  Since it well 
represents the entire experimental duration, the ALL fit is useful to predict C SOA by using C dROG  
with its α and c* = 1 μg/m3 by using Equation 4, which is how the predicted C SOA were deter-
mined for Figure 2a–c.  Additionally, as stated in the Methodology, this ALL α fit was used to de-
termine the AMF for Equation 2 when solving for C dROG  iteratively.  
 
The <MAX fits describe the formation from the initial combination of the reactants until 
the peak SOA concentration, and they have on average slightly higher α (i.e., steeper slopes) than 
the >MAX or ALL fits.  As illustrated in Figure 2d–f, the higher α correspond to the larger c* 
(i.e., more negative y-intercepts) for the <MAX periods versus the >MAX or ALL periods.  This 
trend of larger c* for <MAX periods arises because some amount of limonene must be converted 
before a sufficient amount of C dROG  is generated to begin forming SOA mass.  Correspondingly, 
on Figure 2d–f, the hollow dark squares for the results during the <MAX period demonstrate that 
some threshold value for CdROG  always reached before C SOA began forming.  For the oxidation of 
different ROGs that generates a distribution of products with a higher volatility than limonene 
ozonolysis, this effect would be even more pronounced.  
 
Parameterizing transient SOA formation.  Using the ALL fitted results with Equation 1, 
Figure 3 displays AMFs as a function of the maximum C SOA concentration for each experiment, 
as well as individual AMFs from batch experiments at similar temperatures and ozone-limonene 
ratios from Leungsakul et al.40  To interpret these AMFs within the realm of limonene ozonolysis 
SOA formation potential, we plotted the dark limonene ozonolysis AMF fit from Zhang et al.,47 
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which is an upper bound and represents fully oxidized limonene, and the dark limona ketone ozo-
nolysis AMF fit from Donahue et al.,49 which is a lower bound and represents only endo- bond 
oxidized limonene.  All but one of our AMFs and those from Leungsakul et al.40 reside within this 
SOA formation potential space.  We chose not to fit an AMF curve to our results because they do 
not represent a specific reaction regime (i.e., both endo/exo- bond oxidation or endo- bond oxida-
tion only) and a fit would thus have little meaning. 
 
The AMFs fluctuate within that space because of variations in ozone-limonene ratios or 
AERs.  As stated earlier, increases in ozone-limonene ratios increase the secondary reaction rate 
of ozone attack on the exo- bond in the aerosol phase (at low NO x),47, 50 and increases in AERs 
reduce time for those later generation reactions to occur.  The time scales of these two mecha-
nisms thus compete to affect formation.  To explore this, Figure 4 shows the AMF as a function 
of the ratio of the lifetime for heterogeneous ozone reactions with first-generation ozonolysis 
products in the aerosol phase and the chamber residence time (i.e., inverse of AER).  The ozone 
heterogeneous lifetime was calculated at each maximum C SOA, using the procedure in Zhang et 
al.47 and assuming an ozone uptake coefficient of γ = 0.001.  Clearly, the interplay of these two 
mechanisms affects the AMF, with what appears to be a strong dependence of the AMF on the 
ability of ozone having sufficient time to oxidize the exo- limonene double bond. 
 
Using this insight as guidance, we conducted multiple linear regressions for the fits in Ta-
ble 2.  The outcomes were the AMF parameters (α and c*) and inputs were the (i) product of ini-
tial ozone and limonene concentrations, (ii) AER, and (iii) initial ozone-limonene ratio, as shown 
in Equation 5: 
𝛼𝛼, 𝑐𝑐∗ = 𝛽𝛽0 + 𝛽𝛽1(𝐶𝐶O3𝐶𝐶lim)𝑡𝑡=0 + 𝛽𝛽2𝜆𝜆 + 𝛽𝛽3 �𝐶𝐶O3𝐶𝐶lim�𝑡𝑡=0 (5) 
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where β n  are regression coefficients for each input variable n.  AMFs from Leungsakul et al.40 
were also included, since those were from similar ozone-limonene ratios but in a batch system 
(AER ≈ 0.01 h-1).  Regression coefficients are in Table 3, along with p-values (bolded if signifi-
cance < 0.05), standardized regression coefficients (SRC), and R2 values.  SRCs can be used to 
compare the relative impacts of inputs on the outcome and are the actual regression coefficients 
normalized by the ratio of the sample standard deviations of the dependent to independent varia-
bles.  SRCs range from −1 to +1 (unless predictor variables exhibit multicollinearity); a high 
|SRC| indicates a large influence on the outcome, while a |SRC| near zero indicates little influ-
ence; and an input with a −SRC changes the outcome negatively and a +SRC changes the out-
come positively.68  
 
 According to the regressions, the α(<MAX), α(>MAX), and α(ALL) parameters are af-
fected by the AER negatively and initial ozone-limonene ratio positively, in accordance with our 
time scale analysis.  The c*(<MAX) is positively affected and the c*(>MAX) is negatively af-
fected by the initial ozone-limonene product, because higher ROG conversion leads to more vola-
tile products comprising the SOA.47, 48, 67  More volatile products can condense at higher C SOA, 
increasing c*(<MAX), and are more affected by differing loss rates of SOA and volatile products 
as both decrease in the chamber, decreasing c*(>MAX).  Finally, the positive influence of α(ALL) 
with the initial ozone-limonene product indicates that stronger formation occurs at the increased 
SOA loading that follows from higher rates of ROG conversion.  According to SRCs for the 
α(ALL) regression, the AER has the strongest influence on SOA formation potential, followed by 
the ozone-limonene product and then the ozone-limonene ratio.  
 
Implications for indoor SOA formation.  Transient α(ALL) AMF parameters were used 
to explore the maximum C SOA formed as a function of maximum C dROG  of 1 to 1,000 µg/m3 over 
AER and initial ozone-limonene conditions.  For these simple examples, we estimated that the 
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maximum C dROG  = 83.2 times the initial ozone-limonene product, as determined from our experi-
mental data.  For each maximum C dROG , we used the α(ALL) regression coefficients in Equation 
5 to estimate the α, and then we used that α to predict the maximum C SOA formed with Equation 
4.  Figure 5a illustrates good agreement between predicted and measured α(ALL) values.  Figure 
5b shows the maximum C SOA as a function of maximum C dROG  for our AERs of 0.28, 0.53, and 
0.96 h-1, for an ozone-limonene ratio of 0.1, which is a typical for limonene pulse emissions in the 
presence of indoor ozone mole fractions.18, 21  In Figure 5c, we display formation for different 
ozone-limonene ratios of 0.05, 1, and 5, which cover the range in this work, for an AER of 0.53 h-
1, the median for U.S. residences.51  
 
 Figure 5b,c graphically demonstrates that increases in AERs and decreases in ozone-lim-
onene ratios require more CdROG  to generate equivalent values of C SOA for indoor environments.  
The effects of the studied variables (i.e., AER, initial ozone-limonene ratio and product) have 
larger impacts on SOA formation at lower C dROG .  Also, Figures 5b and 5c illustrate that the AER 
affects the formation more than the ozone-limonene ratio, as suggested by the SRCs.  Increasing 
the AER from 0.53 to 0.96 h-1 decreases SOA relatively more than increasing from 0.28 to 0.53 h-
1, implying that when predicting formation in spaces with high AERs, it is especially important to 
consider the AMF relationships quantified in this work.  When ozone-limonene ratios are < 1, the 
AMF is less influenced than when the ratio > 1, which is expected since when the ratio > 1, exo- 
bond oxidation occurs.   
 
 AMF parameters in this work can be reproduced with our regression coefficients over our 
studied range of conditions, and they can be used to predict indoor SOA formation due to ozonol-
ysis of pulse-emitted limonene.  This study highlights the importance of quantifying indoor SOA 
formation with AMFs from experiments performed in chambers with air exchange and at initial 
ozone-limonene concentrations typical of indoors.  Using limonene ozonolysis AMFs determined 
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in batch chambers with high ozone-limonene ratios (e.g. Zhang et al.47) may be inappropriate for 
indoor SOA formation prediction for certain circumstances.  We reiterate that this work was con-
ducted at low RH and without background aerosol, and these conditions influenced our results.  
Jonsson et al.69 showed that increases in RH from ~2–85% can impact SOA mass growth by large 
factors of 4–8 in laminar plug flow reaction system.  Background organic aerosol can easily be 
included in our framework by solving Equation 3 for an initial amount of organic aerosol pre-
sent.57, 63  Finally, we are conducting similar experiments with other indoor terpenoids, such as α-
pinene and α-terpineol.  However, AMFs for these terpenoids will likely not exhibit the same de-
pendence as limonene on the AER or initial concentrations, since these terpenoids only have one 
double bond and secondary ozone reactions are nonexistent.   
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Table 1. Experimental conditions and results for 18 experiments measuring transient secondary 
organic aerosol (SOA) formation due to limonene ozonolysis.   
 
Exp. 
IDa 
Air ex-
change 
rate (h-1) 
RHb 
(%) 
Temp.c 
(°C) 
Initial 
ozone 
(ppb) 
Initial 
limonene  
(ppb) 
Surface 
deposition 
rate (h-1) 
Max 
SOA 
massd 
(μg/m3) 
Max 
SOA 
numberd 
(#/cm3) 
GM of 
maxd 
(nm) 
GSD of 
maxd          
(-) 
Moderate air exchange rate experiments       
E1 0.53 3 23 45 422 0.15 66 318,000 37 1.5 
E2 0.52 10 23 45 119 0.32 33 288,000 31 1.6 
E3 0.52 9 23 45 67 0.28 17 107,000 35 1.5 
E4 0.53 6 24 295 20 0.19 53 149,000 40 1.7 
E5 0.53 10 24 195 30 0.25 39 165,000 46 1.4 
E6 0.53 6 23 94 35 0.32 21 108,000 50 1.4 
Low air exchange rate experiments       
E7 0.26 10 23 41 428 0.43 55 137,000 65 1.5 
E8 0.27 17 28 46 275 0.36 55 93,000 65 1.5 
E9 0.31 7 23 45 118 0.34 42 155,000 35 1.5 
E10 0.28 0 23 300 243 0.23 330 517,000 70 1.5 
E11 0.30 10 23 192 72 0.18 116 313,000 64 1.5 
E12 0.26 0 23 95 122 0.21 83 162,000 55 1.5 
High air exchange rate experiments       
E13 0.95 0 23 45 663 0.47 16 86,000 41 1.5 
E14 0.95 0 23 45 131 0.10 11 23,000 72 1.4 
E15 0.96 0 23 45 67 0.45 5.4 28,000 55 1.5 
E16 0.96 0 22 295 58 0.16 40 265,000 35 1.5 
E17 0.95 0 23 195 34 0.18 24 99,000 37 1.5 
E18 0.97 0 23 95 42 0.24 12 71,000 37 1.5 
e. Experiment identification number 
f. RH = relative humidity 
g. Temp. = temperature 
h. The maximum SOA mass and number concentrations occurred at different times in the ex-
periments.  The number maximum always occurred prior to the mass maximum, and the GM 
(geometric mean) and GSD (geometric standard deviation) are for the maximum number 
concentration. 
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Table 2. Fits between measured SOA and predicted dROG concentrations, for three different fit-
ting conditions (see notes below), using the linear one-product model in Equation 4.   
  Until max SOAb   After max SOAc   All SOA
d, fixed c* = 1 
μg/m3 
Exp. α(<MAX) c(<MAX)*     α(>MAX) c(>MAX)*     α(ALL) c(ALL)*   
IDa (-) (μg/m3) R2   (-) (μg/m3) R2   (-) (μg/m3) R2 
Moderate air exchange rate experiments 
E1 0.22 -0.63 0.98   0.20 9.3 0.96   0.18 1 0.85 
E2 0.34 -0.38 0.99   0.33 0.9 1.00   0.34 1 0.99 
E3 0.24 -0.44 0.99   0.25 1.3 1.00   0.25 1 0.96 
E4e 0.88 3.5 0.99   0.79 0.85 1.00   0.80 1 0.99 
E5e 0.62 7.4 1.00   0.51 1.1 1.00   0.51 1 0.99 
E6 0.37 0.26 0.99   0.36 1.5 1.00   0.36 1 0.97 
Low air exchange rate experiments       
E7 0.18 -5.0 0.67   0.25 8.2 0.99   0.21 1 0.90 
E8 0.24 7.3 0.93   0.26 7.6 0.98   0.22 1 0.95 
E9 0.39 5.3 0.96   0.32 -3.0 0.97   0.36 1 0.95 
E10 0.54 77 0.96   0.41 -38 1.00   0.46 1 0.88 
E11 0.50 -0.92 0.97   0.52 7.5 0.98   0.49 1 0.90 
E12 0.31 1.3 0.94   0.33 10 0.98   0.29 1 0.94 
High air exchange rate experiments       
E13 0.042 4.2 0.95   0.030 2.7 0.94   0.027 1 0.70 
E14 0.22 7.1 1.00   0.14 0.83 0.99   0.14 1 0.97 
E15 0.21 3.2 1.00   0.13 -0.040 0.99   0.15 1 0.85 
E16 0.38 13 0.99   0.28 3.7 0.99   0.26 1 0.95 
E17e 0.42 5.3 1.00   0.37 2.3 0.99   0.34 1 0.91 
E18 0.29 0.66 0.99   0.26 0.011 1.00   0.29 1 0.95 
a. Experiment identification number 
b. <MAX fits for are fits for SOA > 1 μg/m3 and up to the peak SOA concentration 
c. >MAX fits for after peak SOA concentration 
d. ALL fits for all SOA with a fixed c* = 1 μg/m3   
e. Experiments of E4, E5, and E17 had poor agreement between measured and modeled 
limonene and are not included in further analysis (see text for details). 
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Table 3. Multiple linear regression fits for outcome variables of α and c* listed in Table 2 with 
input variables of the initial ozone-limonene product, air exchange rate, and initial ozone-limo-
nene ratio for each experiment. Bolded values are significant in the regression. 
Outcome Statistica (C O3 ×C lim ) t=0 b AERc (C O3 /C lim ) t=0 d y-intercept R
2 
α(<MAX) Coef. 1.4E-06 -0.24 0.061 0.35 0.67 
  p-value 0.31 0.010 0.0034 7.8E-05   
  SRC 0.19 -0.58 0.67     
              
c*(<MAX) Coef. 0.0010 1.9 1.3 -10 0.81 
  p-value 3.58E-05 0.84 0.50 0.15   
  SRC 0.90 0.029 0.095     
              
α(>MAX) Coef. -3.1E-07 -0.33 0.055 0.40 0.82 
  p-value 0.74 9.0E-05 0.00051 6.2E-07   
  SRC -0.046 -0.84 0.65     
              
c*(>MAX) Coef. -0.00052 -3.9 -0.077 11 0.60 
  p-value 0.0020 0.63 0.96 0.078   
  SRC -0.80 -0.10 -0.0095     
              
α(ALL) Coef. 8.3E-07 -0.46 0.053 0.48 0.83 
  p-value 0.0035 6.7E-05 0.029 6.4E-08   
  SRC 0.41 -0.67 0.26     
e. Coef. = regression coefficient; p-value < 0.05 indicates significance of the input or intercept 
in the regression; SRC = standardized regression coefficient 
f. (O 3 ×lim) t=0  = initial ozone-limonene product in experiment 
g. AER = air exchange rate in experiment 
h. (O 3 /lim) t=0  = initial ozone-limonene ratio in experiment 
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Figure 1. Schematic of continuous mixed flow reactor (CMFR) system with stainless steel cham-
ber (volume = 1 m3) to measure SOA formation due transient limonene ozonolysis.  Instruments 
and method of chamber operation are described in the text. 
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Figure 2. Plots a, b, c: Results for representative transient SOA formation experiments at each of 
the three air exchange rates (AER) and at low initial ozone-limonene ratios.  Measured (m) results 
for SOA, limonene, and ozone are shown, as well as predicted (p) results for SOA, limonene, and 
dROG.  Plots d, e, f: Linear fits between measured SOA and predicted dROG concentrations us-
ing Equation 4, for same experiments in plots a, b, c.  Three linear fits are shown: <MAX are fits 
for SOA > 1 μg/m3 and up to the peak SOA concentration; >MAX are for after peak SOA con-
centration; and ALL are for all SOA with a fixed y-intercept of 1 μg/m3.  Hollow dark squares are 
<MAX and filled gray circles are >MAX measurements (filled circles appear as a gray band due 
to close spacing). 
  
(a) (b) (c) 
(d) (e) (f) 
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Figure 3. Aerosol mass fraction as a function of maximum SOA concentration assuming the one-
product model using α(ALL) for c* = 1 μg/m3 for our experiments, as well as results from batch 
AMFs from Leungsakul et al.40 at similar temperatures.  Also shown are volatility basis set curve 
fits for AMFs for results from Zhang et al.47 for dark limonene ozonolysis and from Donahue et 
al.49 for dark limona ketone ozonolysis.  
  
Zhang et al.47 
Donahue et al.49 
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Figure 4. Aerosol mass fraction, assuming the one-product model using α(ALL) for c* = 1 μg/m3, 
as a function of ratio of heterogeneous lifetime for ozone reacting with first-generation products 
in SOA phase and chamber residence time (i.e., inverse of air exchange rate, AER).  The ozone 
heterogeneous lifetime was calculated using the procedure in Zhang et al.47 and assuming an 
ozone uptake coefficient of γ = 0.001.  The R2 = 0.73 for the natural log fit to the data. 
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Figure 5. (a) Regressed α(ALL) versus the measured α(ALL) (i.e., c* = 1 μg/m3), using regres-
sion coefficients in Table 3 (R2 = 0.83), along with a 1:1 line.  Using that regression, the other 
plots show the prediction of (b) maximum SOA as a function of the maximum dROG for air ex-
change rates (AER) of 0.28, 0.53, and 0.96 h-1, with an initial ozone-limonene ratio of 0.1, and (c) 
maximum SOA as a function of maximum dROG for ozone-limonene ratios of 0.05, 1, and 5, 
with an AER of 0.53 h-1.  
  
(a) (b) (c) 
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and initial product concentrations, and comparison to limonene ozonolysis 
 
 Somayeh Youssefi and Michael S. Waring 
 
ABSTRACT 
 The ozonolysis of reactive organic gases (ROG), e.g. terpenes, generates secondary or-
ganic aerosol (SOA) indoors.  The SOA formation strength of such reactions is parameterized by 
the aerosol mass fraction (AMF), a.k.a. SOA yield, which is the mass ratio of generated SOA to 
oxidized ROG.  AMFs vary in magnitude both among and for individual ROGs.  Here, we quanti-
fied dynamic SOA formation from the ozonolysis of α-pinene with ‘transient AMFs,’ which de-
scribe SOA formation due to pulse emission of a ROG in an indoor space with air exchange, as is 
common when consumer products are intermittently used in ventilated buildings.  We performed 
19 experiments at low, moderate, and high (0.30, 0.52, and 0.94 h-1, respectively) air exchange 
rates (AER) at varying concentrations of initial reactants.  Transient AMFs as a function of peak 
SOA concentrations ranged from 0.071 to 0.25, and they tended to increase as the AER and prod-
uct of the initial reactant concentrations increased.  Compared to our similar research on limonene 
ozonolysis (Youssefi and Waring, 2014), for which formation strength was driven by secondary 
ozone reactions, the AER impact for α-pinene was opposite in direction and weaker, while the in-
itial reactant product impact was in the same direction but stronger for α-pinene than for limo-
nene.  Linear fits of AMFs for α-pinene ozonolysis as a function of the AER and initial reactant 
concentrations are provided so that future indoor models can predict SOA formation strength. 
 
Keywords: Indoor chemistry; Terpenes; Particles; Ventilation; Secondary organic aerosol; Yields  
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1. INTRODUCTION 
Monoterpenes (C 10 H 16 ) are volatile alkenes that are isomeric combinations of two iso-
prene (C 5 H 8 ) units.  Outdoors, monoterpenes account for ~11% of all biogenic VOC emissions, 
and of those, α-pinene has the highest emission rate (Guenther et al., 2000; Kanakidou et al., 
2005).  Indoors, monoterpenes are common due to their use in air fresheners, perfumes, and 
cleaning agents (Destaillats et al., 2006; Sarwar et al., 2004; Singer et al., 2006), and α-pinene is 
arguably the second most important (regularly measured) indoor terpene, behind d-limonene 
(Brown et al., 1994; Weisel et al., 2005), and may reach transient concentrations of ~100s ppb af-
ter product use (Nazaroff and Weschler, 2004).  α-Pinene is a reactive organic gas (ROG) that is 
oxidized indoors by ozone (O 3 ) at time scales that compete with air exchange losses (Weschler 
and Shields, 1996).  Ozone’s dominant indoor source is outdoor-to-indoor transport (Weschler, 
2000), though to a much lesser extent it is emitted indoors from consumer devices or equipment 
(Destaillats et al., 2008; Lee et al., 2001; Waring et al., 2008). 
 
This article predominantly focuses on ozone + α-pinene reactions and the generation of 
secondary organic aerosol (SOA) that results from them (Sarwar and Corsi, 2007; Sarwar et al., 
2003; Waring et al., 2011; Weschler and Shields, 1999), which can be a strong source of fine par-
ticles indoors (Waring, 2014).  Ozone reacts with the carbon–carbon double bond in α-pinene, 
forming both an energy-rich Criegee biradical and an aldehyde (Criegee, 1975; Kroll and 
Seinfeld, 2008).  Further reactions may yield norpinonaldehyde, pinonic acid, norpinonic acid, 
pinic acid, or other high molecular weight products (Kamens et al., 1999), as well as hydroxyl 
radicals, alkylperoxy radicals, formaldehyde, carbon monoxide, and carbon dioxide (Yu et al., 
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1999; Waring and Wells, 2014).  Some of these products are semivolatile and nucleate or parti-
tion to form SOA in the ultrafine (<0.1 μm) and fine (0.1–2.5 μm) particle size ranges.  SOA gen-
eration is complex, so rather than using explicit kinetic formation models to quantify the mass 
formation of a particular ROG, the aerosol mass fraction (AMF) is most often used (a.k.a. the 
SOA yield), which is the ratio of the produced SOA mass to the consumed ROG mass (Odum et 
al., 1996).   
 
The AMF is highly useful to predict indoor aerosol concentrations due to ROG conver-
sion, such as within mass balance methods (Waring and Siegel, 2010; Waring, 2014; Youssefi 
and Waring, 2012).  The AMF for oxidation of a particular ROG is not constant; it both increases 
with the organic aerosol concentration and is affected by environmental parameters.  For instance, 
increases in temperature raise vapor pressures of oxidation products, resulting in less gas-to-aero-
sol partitioning (Donahue et al., 2005; Pathak et al., 2008; Warren et al., 2009).  Increases in rela-
tive humidity (RH) enhance SOA mass formation (Berndt et al., 2003; Cocker Iii et al., 2001; 
Jonsson et al., 2006; Seinfeld et al., 2001), due to water uptake in the aerosol phase (Seinfeld and 
Pankow, 2003).  Finally, the presence of nitrogen oxides (NO x) influences ROG oxidation as 
well.  At high NO x concentrations, SOA formation due to α-pinene ozonolysis is significantly 
lessened (Presto et al., 2005, Presto and Donahue, 2006) because nitric oxide (NO) reacts compet-
itively with alkylperoxy radicals, prohibiting their reactions with hydroperoxy radicals that yield 
SOA-forming, low volatility hydroperoxides (Kroll and Seinfeld, 2008). 
 
However, little research has been done to quantify the effect on SOA formation of the air 
exchange rate (AER, h-1), which is the frequency with which the indoor air is replaced by outdoor 
air.  For instance, residential AERs range from ~0.2 to 1.3 h-1 at 10th to 90th percentiles (Murray 
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and Burmaster, 1995), and office buildings are often higher (Rackes and Waring, 2013).  The 
AER affects the SOA formation process by altering the residence time of the indoor air or reduc-
ing reaction product concentrations.  Most AMF experiments have been performed in batch reac-
tor systems with no air exchange (e.g. Griffin et al., 1999; Hoffmann et al., 1997; Ng et al., 2006; 
Odum et al., 1996; Presto and Donahue, 2006; Zhang et al., 2006).  Some AMF experiments us-
ing continuous mixed flow reactor (CMFR) systems have been performed at steady state (e.g. 
Chen and Hopke, 2009; Chen and Hopke, 2010; Shilling et al., 2008), usually at one AER value 
(e.g. ~0.3 or 0.67 h-1).  However, though some indoor SOA formation does occur at quasi-steady 
state conditions due to continuous sources such as air fresheners, much indoor formation is in-
stead due to emissions from intermittent consumer product use that yield transient terpene con-
centrations (Nazaroff and Weschler, 2004). 
 
Therefore, this work studied the transient SOA formation from α-pinene ozonolysis in a 
CMFR system over a range of AERs, as well as for different initial ozone-terpene concentrations.  
We recently did the same for limonene ozonolysis (Youssefi and Waring, 2014), and SOA for-
mation potential was correlated negatively to higher AERs and positively to the initial ozone-lim-
onene ratio.  Both associations were because limonene has two carbon–carbon double bonds, one 
endocyclic bond that is quickly ozonated and one exocyclic bond that is more slowly ozonated.  
First generation products due to limonene endocyclic bond oxidation partition quickly to the SOA 
phase.  Ozone-excess conditions allow the event of ozone reactions with remaining exocyclic 
bonds of oxidation products in the aerosol phase (Maksymiuk et al., 2009), which decreases the 
overall product suite volatility and enhances SOA formation.  Higher AERs reduce the residence 
time over which these aerosol phase reactions can occur.  We expected that α-pinene would show 
less, if any, of a dependence on these conditions, since α-pinene has one endocyclic double bond 
191 
 
and later generation ozone reactions are nonexistent.  As such, after presenting the α-pinene ozo-
nolysis results, we compare the SOA formation behavior of α-pinene and limonene explicitly. 
 
2. METHODOLOGY 
2.1. Experimental procedure and system  
We carried out 19 transient experiments at three mean AERs of 0.30, 0.52, and 0.94 h-1 
over different initial combinations of reactants, using the 1 m3 stainless steel chamber CMFR sys-
tem as described in Youssefi and Waring (2014).  A zero air generator (Environics 7000) supplied 
room temperature, RH < 3.5%, particle free, clean air (SO 2 , NO x, O 3  < 0.5 ppb; CO, hydrocar-
bons < 0.02 ppm) at controlled rates (Aarlborg GFC171S) to achieve the target AER.  Ozone was 
introduced (2B Technologies, 306) via a separate line.  Once the target ozone concentration was 
obtained, the ozone source was turned off and a syringe pump (New Era Pump Systems 300) was 
used to supply an α-pinene (Sigma Aldrich, 98%) and methanol (Sigma Aldrich, 99.9%) solution 
(volume ratio of methanol to α-pinene = 49:1) to a heated injection area of the main clean air 
stream, at a mass that would produce the target α-pinene concentration.  The α-pinene injection 
was considered time zero, and chamber concentrations were measured for three hours.  Between 
experiments, high ozone concentrations (~200 ppm) were used to clean the chamber for ≥ 12 
hours, and then the chamber was flushed until the experimental background state was reached 
(i.e., no detected ozone or organics and particles < 100 #/cm3).    
 
A Fast Mobility Particle Sizer (FMPS, TSI 3091) measured particle number for 32 bins 
between 5.6 to 560 nm, over 1 minute averages.  Number counts were converted to mass concen-
trations assuming a unit density = 1 g/cm3 and spherical particles.  Ozone concentrations were 
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measured over 1 minute averages with a calibrated monitor (2B Technologies, 306).  We ob-
served interference of α-pinene with the ozone monitor, so we corrected for this effect with corre-
lations from characterization experiments.  α-Pinene concentrations were measured every ~20 
min by a gas chromatograph, flame ionization detector (GC-FID) with a sample pump (1-min 
samples at 100 mL/min), Tenax GR adsorption, and thermal desorption system (SRI GC8610C).  
For α-pinene < 500 ppb, a 10-point calibration curve was prepared by drawing samples from 3 L 
Tedlar bags with injected masses of α-pinene in 2.5 L of clean air (R2 = 0.99).  Measurement un-
certainty for α-pinene was ~9%, equal to three standard deviations of the variation observed in a 
daily instrument check during which 100 ppb of α-pinene was sampled from a 3 L Tedlar bag.   
 
Ozone reactions with terpenes concentrated onto adsorbents can result in their decompo-
sition.  For instance, at our sampling rates (1-min for 100 mL/min), Calogirou et al. (1996) meas-
ured α-pinene and limonene recovery reductions of ~17% and ~35%, respectively, when sam-
pling onto Tenax TA in the presence of 120 ppb of ozone.  Though some of our ozone concentra-
tions are in this magnitude, in our system any decomposition effect is expected to be much 
smaller, because our adsorbent mass is 0.8 g rather than 0.2 g in Calogirou et al. (1996).  Since 
ozone reacts with Tenax GR itself (Lee et al., 2006), we estimate that in our adsorbent system the 
ozone + terpene reactions and any consequential recovery reductions are 1/4 smaller than in Calo-
girou et al. (1996); e.g. < 4.3% for α-pinene.  Also, given that Larsen et al. (1997) found high var-
iability and sometimes near complete terpene recovery even at high ozone for some Tenax TA 
sampling systems for limonene, and that our estimates of recovery reductions are within our GC-
FID measurement uncertainty, we neglected any decomposition effects in our analyses. 
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Flow rates were measured for each experiment (Sensidyne Gilian Gilibirator) and used to 
quantify the AER.  The ozone monitor and FMPS required operation flows of ~1.5 and ~8 L/min, 
respectively, so for AER = 0.30 or 0.52 h-1, the sum of instrument flows exceeded the chamber 
inflow.  For these cases, the FMPS flow was diluted with make up flow from the zero air genera-
tor, and FMPS concentrations were adjusted accordingly.  During experiments, the chamber pres-
sure was monitored and held constant across experiments at 25 Pa relative to surroundings by us-
ing a vacuum pump to balance flows, which ensured no unknown infiltration of laboratory air 
into the chamber.  Though ozone and α-pinene reactions generate OH (e.g. Aschmann et al., 
2002), we did not use OH scavengers; however, the methanol used as the solvent scavenged some 
OH, but this minimally affected resulting AMFs (discussed below). 
 
2.2. Parameterizing SOA formation  
 SOA formation was parameterized using unit density (ρ SOA = 1 g/cm3), ‘transient AMFs,’ 
following the method in Youssefi and Waring (2014) for dynamic limonene ozonolysis.  Though 
SOA due to α-pinene ozonolysis may have ρ SOA of ~1 to 1.7 g/cm3 (Chen and Hopke, 2009), we 
follow the ‘normalized AMF’ approach (e.g. Presto and Donahue, 2006) and use a unit density 
rather than assuming a value, so we can compare our AMFs to others who use the same approach 
and our AMFs can be used with any density later.  The standard AMF expression (Odum et al., 
1996; Presto and Donahue, 2006; Zhang et al., 2006) accounts for the summed contributions of 
lumped oxidation products, as in Equation 1: 
AMF = Δ𝐶𝐶SOA
ΔROG = �𝛼𝛼𝑖𝑖 �1 + 𝑐𝑐𝑖𝑖∗𝐶𝐶SOA�−1𝑖𝑖  (1) 
where C SOA (μg/m3) is the SOA mass concentration; ΔROG (μg/m3) is the ROG mass concentra-
tion reacted; α i  is the mass-based yield of product i; and c i * (µg/m3) is the effective gas-phase 
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saturation concentration of product i.  Equation 1 shows that the AMF is not constant and 
increases with C SOA.  AMF results at different experimental C SOA are fit with Equation 1 by 
either (i) letting both α i  and c i * parameters vary within ‘one- or two-product models’, or by (ii) 
the ‘volatility basis set’ approach, which constrains c i * at logarithmic intervals (e.g. 0.1 to 1,000 
µg/m3) and fits α i  only at those c i *.  
  
In batch systems, an AMF for an individual experiment is calculated as the ratio of the 
formed SOA mass and converted ROG mass.  In steady state systems, it is the ratio of the steady 
state rates of SOA formed and ROG conversion.  For both systems, the ΔROG in Equation 1 is 
really a measurable surrogate for the oxidation products concentrations or their rates of formation 
in a chamber.  However, in our transient, non-replenished system, oxidation products peak in the 
chamber and then are removed by air exchange, so the amount of ‘reacted terpene’ (i.e., the oxi-
dation products) in the chamber at any time, which we call C dROG (µg/m3), is less than the amount 
due to the total ΔROG that has reacted.  So, we used a dynamic framework that uses C dROG to es-
timate the AMF (Youssefi and Waring, 2014), as follows.   
 
If instantaneous equilibrium is assumed, the time-varying SOA concentration, CSOA 
(µg/m3), can be described with a rearranged form of Equation 1: 
𝐶𝐶SOA = 𝐶𝐶dROG · AMF =  𝐶𝐶dROG�𝛼𝛼𝑖𝑖 �1 + 𝑐𝑐𝑖𝑖∗𝐶𝐶SOA�−1𝑖𝑖  (2) 
Equation 2 predicts C SOA as a function of C dROG , and one- and two-product solutions have been 
derived for C SOA using Equation 2 (Kroll and Seinfeld, 2005; Youssefi and Waring, 2012).  In 
this work, C SOA was well-described by solving Equation 2 with one volatility bin (c*) without 
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background aerosol, so that the multiproduct solution of Equation 3 simplified to this one-product 
solution:  
𝐶𝐶SOA = 𝐶𝐶dROG · 𝛼𝛼 �1 + 𝑐𝑐𝑖𝑖∗𝐶𝐶SOA�−1 = 𝛼𝛼𝐶𝐶dROG − 𝑐𝑐∗ (3) 
Therefore, two parameters, α and c*, describe the SOA formation in a linear fashion.  Equation 3 
was used to fit α and c* parameters for each of the 19 experiments with measured C SOA and pre-
dicted C dROG .  After fitting, those parameters could be used to determine the AMF at any C SOA 
using Equation 1.  
 
 Youssefi and Waring (2012) derived a differential equation to predict C dROG , which is: 
d𝐶𝐶dROGd𝑡𝑡 = 𝑘𝑘𝐶𝐶O3𝐶𝐶terp𝛤𝛤terp − �𝜆𝜆 + 𝛽𝛽SOA +  1AMF d(AMF)d𝑡𝑡 � 𝐶𝐶dROG (4) 
where t (h) is time; k (ppb-1 h-1) is the reaction rate constant between ozone and a terpene; CO3  
and C terp  (ppb) are the ozone and terpene mole fractions, respectively; Γ lim  is a conversion factor 
to change units from ppb to μg/m3 for a terpene; λ (h-1) is the AER; and β SOA (h-1) is the SOA 
deposition rate.  Equation 4 was used to solve for C dROG  at minute time-steps with a Runge-Kutta 
order 4 numerical solution, except we replaced the C dROG  source term of kC O3 C terp  with one de-
termined by actual changes in α-pinene at each minute.  An integrated β SOA term at each minute 
was determined with measured size distributions and the theory of Lai and Nazaroff (2000) with 
bin-mass-weighted averages.   
 
We neglect discussing some nuances of Equation 4, since they are discussed in Youssefi 
and Waring (2014).  Namely, in that article, there is discussion (i) of the term (β SOA + 
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[1/AMF]·[d(AMF)/dt]); (ii) of the need for an iterative solution; and (iii) of neglecting condensa-
tion of oxidation products to chamber walls.  Finally, the use of βSOA in Equation 4 is the only ac-
counting of SOA wall losses, since our calculation of CdROG  with Equation 3 accounts for deposi-
tion of all oxidation products, including those in the SOA phase.  In Youssefi and Waring (2012), 
we validated that this method of using C dROG  (called SOA-M2 in that article) to calculate CSOA 
produced the same solution as solving for C SOA directly with a differential equation that included 
β SOA (method SOA-M1 in that article). 
 
To calculate C dROG , we needed the time-varying α-pinene concentrations.  Since the α-
pinene was injected in a pulse manner, we could not measure its concentration right at the time of 
injection with our GC-FID method, or at a time resolution of less than ~20 minutes.  As such, we 
used an Euler solution for α-pinene losses due to ozonolysis (reaction rate = 0.00756 ppb-1 h-1) 
(Atkinson et al., 1990) and air exchange to estimate the initial α-pinene concentration that mini-
mized the sum of least squared difference between measured α-pinene concentrations and those 
predicted at times of GC-FID measurements.  After finding the initial α-pinene concentration, the 
predicted concentrations at each minute could also be determined.  In all experiments, the pre-
dicted were similar to the measured α-pinene values (R2 ≥ 0.89). 
 
3. RESULTS AND DISCUSSION 
3.1. SOA formation due to α-pinene ozonolysis   
For the 19 experiments, Table 1 lists their initial reactant concentrations, AERs, and tem-
peratures, along with the peak SOA mass and peak number concentrations and the wall deposi-
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tion rates at the peak SOA mass concentration.  Temperature had a mean of 23 °C (standard devi-
ation = 1 °C).  The low RH condition across experiments limited hygroscopic aerosol growth and 
allowed us to isolate the impacts of studied parameters.  Most other α-pinene AMF research is 
similarly conducted at very low RH.  The mean low, moderate, and high AERs were 0.30, 0.52, 
and 0.94 h-1, respectively.  Initial ozone and α-pinene concentrations ranged from 46–295 ppb and 
12–385 ppb, respectively.  The FMPS (diameter range of 5.6–560 nm) captured the full range of 
particle formation in all experiments.  Uncertainty is discussed later in the context of calculated 
AMF parameters. 
 
Using Experiment P2 as an example, Figure 1a shows the temporal evolution of meas-
ured ozone, α-pinene, and SOA, along with predicted α-pinene, C dROG , and C SOA  (discussed 
later).  At t = 0 h, the α-pinene injection occurred, and ozone and α-pinene began decreasing due 
to reactions and air exchange; those reactions yielded C dROG , some of which partitioned to SOA 
mass.  Once the experiment began, no reactants were replenished in our chamber.  Though this 
procedure closely mimics actual indoor transient formation, it is not always perfectly realistic, as 
sometimes ozone could be replenished with outdoor air introduced indoors via air exchange.  
However, we operated our system in the manner herein so that we could isolate and study AMFs 
resulting from transient SOA formation with air exchange.  
 
Though ozone + α-pinene reactions form OH, we estimated that 97% of α-pinene conver-
sion was from ozone by comparing the results of peak C dROG  across experiments when predicting 
C dROG  with the source term using (i) observed changes in α-pinene (i.e., that used to generate 
C dROG  for our analysis) and with (ii) kC O3 C terp  (k = 0.00756 ppb-1 h-1) (Atkinson et al., 1990), as-
suming the difference was from OH oxidation.  The solvent of methanol had some effect on this 
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result.  Using modeling similar to Chen and Hopke (2009) but that included methanol, we esti-
mate that without the methanol as an OH scavenger that ~60% of α-pinene would have reacted 
with ozone (i.e., ~40% with OH).  However, we expect little differences in α-pinene AMFs due to 
any OH scavenging since product suites of both oxidants should have similar volatilities (Kroll 
and Seinfeld, 2008; Larsen et al., 2001).  Furthermore, Shilling et al. (2008) demonstrated that 
AMFs were similar for α-pinene ozonolysis whether OH was scavenged or not.   
 
Figure 1b illustrates the measured SOA as a function of predicted C dROG  for Experiment 
P2.  Using linear regressions with Equation 3, we fit AMF parameters of α and c*.  We deter-
mined linear fits for three distinct formation regimes for each experiment, with each demonstrated 
on Figure 1b.  The first, ‘<MAX’ is a fit to the data once the CSOA exceeded 1 μg/m3 and before it 
reached its first peak value; the second, ‘>MAX’ is a fit to the data after the peak C SOA occurred; 
and the third, ‘ALL’ is to all the data with a fixed c* = 3.5 μg/m3 (discussed below).  Fitting pa-
rameters for all experiments are in Table 2.  The uncertainties for these parameters are estimated 
at less than ~10%.   
 
Five experiments (P6, P7, P9, P11, and P14) are not considered in subsequent analysis 
due to one or more of their fits having R2 < 0.4 or because of one outlier result, which was the 
α(<MAX) = 2.6 for P11.  The reason for these five experiments having poorly behaved fits is be-
cause they exhibited a burst of nucleation that occurred after the first mass peak.  This later SOA 
nucleation burst is likely because aerosols are removed faster than gas phase oxidation products 
from the chamber, as a result of their wall deposition loss (which gases do not have), so there 
were sometimes nucleation and associated mass bursts that tended to shift the system back to-
wards its equilibrium partition condition. 
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 For means of the considered experiments, the [α(>MAX) = 0.25] > [α(ALL) = 0.21] > 
[α(<MAX) = 0.19].  For the <MAX condition, the mean c*(<MAX) of 2.8 μg/m3 is indicative of 
the overall product suite volatility and it is a threshold amount of C dROG  above which is necessary 
to achieve for SOA to begin forming.  For limonene (Youssefi and Waring, 2014), the mean 
c*(<MAX) was lower at 0.28 μg/m3 since limonene ozonolysis yields a product suite with lower 
volatility than α-pinene (Presto and Donahue, 2006; Zhang et al., 2006).  Accordingly, the mean 
c*(>MAX) for α-pinene was also larger than for limonene, at 8.2 versus 3.6 μg/m3.  Finally, we 
used a c* = 3.5 μg/m3 to fit α for every experiment within the ALL condition, since it is a good 
representative value across the considered α-pinene experiments.  The α(ALL) fit is useful be-
cause it allows us to analyze formation trends with only one parameter (i.e., α), so much of our 
remaining analyses focuses on this fit, which also is useful to predict C SOA using both C dROG  and 
α with Equation 3, as was done with the predicted C SOA illustrated in Figure 1a.   
 
Figure 2 shows the AMF as a function of the peak C SOA for each experiment, calculated 
with Equation 1 and the <MAX results (since those are most relevant up to the peak SOA concen-
tration).  The AMFs ranged from 0.071 to 0.25.  For interpretation, we also plotted four unit den-
sity AMF curves from the literature, including steady state flow through fits from Shilling et al. 
(2008) and Chen and Hopke (2009) (calculated using, ρ SOA = −0.181×ln(C SOA) + 1.88, which we 
estimated from their article), as well as batch fits from Presto and Donahue (2006) and Pathak et 
al. (2007).  The literature fits show variability in AMFs at any given C SOA, with larger AMFs at 
steady state rather than batch conditions.  Our transient AMFs fall near or within the range in the 
literature.  Deviations are within measurement uncertainty or are due to experimental conditions 
(e.g. AERs, reactant concentrations).  However, there was a definite cluster of AMFs larger than 
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typical values for conditions of high AER at low C SOA, which may be due to the strong partition-
ing that must occur to generate SOA when there is a short residence time and oxidation products 
are being removed from the chamber at a fast rate. 
 
3.2. Parameterizing transient α-pinene ozonolysis   
To understand the sensitivity of the fit results to experimental conditions, we performed 
five multiple linear regressions (i.e., for <MAX, >MAX, and ALL fits in Table 2) to identify cor-
relations between the α and c* as the outcome variables, with the AER and different combinations 
of the reactant initial concentrations as predictor variables, as in Equation 5:   
𝛼𝛼, 𝑐𝑐∗ = 𝛽𝛽0 + 𝛽𝛽1�𝐶𝐶O3𝐶𝐶pin�𝑡𝑡=0 + 𝛽𝛽2𝜆𝜆 + 𝛽𝛽3 �𝐶𝐶O3𝐶𝐶pin�𝑡𝑡=0 + 𝛽𝛽4(𝐶𝐶O3)𝑡𝑡=0 + 𝛽𝛽5�𝐶𝐶pin�𝑡𝑡=0 (5) 
where β n  are regression coefficients for each predictor variable n.  Table 3 lists the regression co-
efficients, p-values, standardized regression coefficients (SRC), and R2 values.  SRCs compare 
relative impacts of predictors on the outcome; a high |SRC| indicates a large influence on the out-
come, while a |SRC| near zero indicates little influence; and a predictor with a −SRC changes the 
outcome negatively and a +SRC changes the outcome positively (Saltelli et al., 2006).  The oc-
currence of |SRCs| being at or above 1 implies multicollinearity among the set of predictor varia-
bles (Deegan, 1978).  In Equation 5, the first four regression terms (for β 0  to β 3 ) were the same 
as our fits for limonene (Youssefi and Waring, 2014), but the last two (for β 4  to β 5 ) were added 
for α-pinene to explore all parameter combinations. 
 
 Table 3 enumerates the driving influences for each fit for the AMF parameters of α and 
c*.  The α(ALL) fit for limonene (Youssefi and Waring, 2014) is also reproduced for comparison 
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purposes.  We retained regression predictors even if they had a low significance so that their rela-
tive importance may discerned; values with significance of p < 0.05 are bolded.  A positive asso-
ciation of α with a predictor denotes that increases in the predictor increase the fraction of terpene 
oxidation products that partition into the SOA phase (i.e., steepen slope of Equation 3).  A posi-
tive association of a predictor with c* denotes a general increase in overall product suite volatility 
(makes negative y-intercept more negative), and affects how much ROG must be converted to 
commence SOA formation.  The regressions well described the outcomes for the <MAX and 
ALL regimes (i.e., all R2 ≥ 0.85); the outcomes for the >MAX regime were less well described 
(R2 of 0.52 and 0.57), but even these were reasonable.  It is important to note that these multiple 
linear regressions only hold for our input space; extrapolation is not justifiable. 
 
Regarding predictors related to the initial reactant concentrations and their combinations, 
the initial product of ozone and α-pinene, (C O3 ×C pin ) t=0 , positively influenced all outcomes, but 
it was only significant for <MAX parameters.  Also, for the <MAX condition, the (C O3 ×C pin ) t=0  
was the predictor variable with the strongest influence according to the SRCs.  Interestingly, indi-
vidual initial concentrations of (C O3 ) t=0  or (C pin ) t=0  had a negative influence on all outcomes and 
were significant for many of the predictors.  The ratio (C O3 /C pin ) t=0  was significant only for 
α(ALL).  When taken into context together, these results imply that the highest SOA formation 
occurs either when neither of the two reactants is in excess (or perhaps when ozone is slightly in 
excess), as was also observed by Chen and Hopke (2009).   
 
The AER was always less influential than at least one of the initial concentration predic-
tors, except for the regression for c*(>MAX).  The AER was significantly (p < 0.05) associated 
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with α(<MAX) and α(ALL) in a positive manner and associated with c*(>MAX) negatively.  Re-
garding these α regressions, an increase in AER caused more partitioning to C SOA for the same 
C dROG , which may reflect that products with larger aerosol partitioning capabilities are required to 
commence fresh SOA formation (Shilling et al., 2008) at this low residence time condition.  This 
result is opposite in direction and weaker than for limonene (Youssefi and Waring, 2014), in 
which impacts of later generation reactions dominated.  For c*(>MAX), this negative association 
implies that post-peak SOA is composed of higher volatility products at low AERs, which may be 
due to the competitive interplay of the AER and surface deposition rate.  At lower AERs, the loss 
to surfaces becomes relatively more important as SOA is lost more rapidly than volatile ROG ox-
idation products, thus increasing the c* of the system as more gaseous products begin to partition 
to SOA to maintain equilibrium. 
 
Finally, a good test for the utility of these regression-identified relationships is to see 
whether the identified trends were generally present in our results.  As such, we plotted in Figure 
3, for our α-pinene and limonene ozonolysis experiments, the peak SOA concentration as a func-
tion of the (a) initial ozone-terpene product and the (b) AER.  Linear fits and 95% percentile con-
fidence intervals (CI) are plotted as well.  For Figure 3a, the peak SOA concentration as a func-
tion of the ozone-terpene product for α-pinene is linear with a small CI, which is indicative the 
strength of the predictor (CO3 ×C pin ) t=0  on α that was discussed above.  For limonene, the varia-
bility is large and nonlinear, since α shows strong dependence on the initial concentration ratio 
and the AER.  For Figure 3b, formation with AER for both terpenes follows a linear relationship, 
though SOA formation by α-pinene ozonolysis is slightly positively linear with a small CI, while 
that due to limonene ozonolysis is negatively linear with a wider CI due to the impacts of the ini-
tial ozone-limonene concentrations ratio on later generation chemistry. 
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3.3. Comparing indoor SOA formation due to α-pinene and limonene ozonolysis    
 We explored the general implications on indoor SOA formation of our results from α-pi-
nene experiments herein and our limonene experiments from Youssefi and Waring (2014).  To do 
so, we used Monte Carlo methods, which run repeated cases of model instances with inputs ran-
domly sampled from probability distributions to obtain outcome parameter distributions.  For 
both α-pinene and limonene, we used different combinations of input lognormal distributions that 
had characteristics chosen to represent ranges that were both reasonable indoors and reflected our 
experimental input space: 
• Air exchange rate, AER ~ (GM = 0.5 h-1, GSD = 1.4, range 0.23–1.1 h-1) 
• Initial ozone concentration, (O 3 ) t=0  ~ (GM = 20 ppb, GSD = 2, range 3.8–100 ppb) 
• Low initial terpene concentration, (Low Terp.) t=0   ~ (GM = 10 ppb, GSD = 2, range 1.9–49 
ppb) 
• High initial terpene concentration, (High Terp.) t=0  ~ (GM = 100 ppb, GSD = 2, range 21–
505 ppb) 
In the list above, the first parenthetical term is the geometric mean (GM), the second is the geo-
metric standard deviation (GSD), and the third is the range of 1st to 99th percentiles.  For α-pinene 
and limonene separately, we quantified eight Monte Carlo cases with four (Low Terp.) t=0  and 
four (High Terp.) t=0  distributions, also using the AER and ozone distributions.  We either held an 
input constant at the GM or allowed it to vary according to its distribution to demonstrate its in-
fluence (particular combinations are demonstrated in Figure 4).  Also, for one case for each ter-
pene and low/high condition, we varied all parameters simultaneously to quantify the range of 
possibilities for our input space.  For each run, we used our regression coefficients (in Table 3) to 
determine the α(ALL) and then approximated that the α(ALL) ≈ AMF and estimated the initial 
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SOA formation rate, S (μg/m3·h), as equal to S = AMF·(ozone-terpene reaction rate constant)·[in-
itial ozone]·[initial terpene].  This analysis ignores any potential SOA from ozone reactions with 
sorbed terpenes (Waring and Siegel, 2013) or other compounds (Wang and Waring, 2014). 
 
Figure 4 displays descriptions of input parameter combinations for each Monte Carlo 
case and box plots for result distributions, where the boxes show the 25th to 75th percentiles, the 
median is the line in the box, and whiskers are values within 1.5 multiplied by the range of the 
box (outliers have been excluded for clarity).  The α(ALL) for α-pinene is smaller than that for 
limonene in its absolute magnitude and range.  For instance, for the (Low Terp.) t=0  case for which 
all inputs were varied, the 5th, 50th, and 95th percentiles for α-pinene were α(ALL) α-pin,Low  = 0.22, 
0.26, and 0.34, respectively, and for limonene were α(ALL) lim,Low  = 0.17, 0.36, and 0.79, respec-
tively.  For the (High Terp.) t=0  condition, the α-pinene had α(ALL) α-pin,High  = 0.055, 0.19, and 
0.26, respectively, and limonene had α(ALL) lim,High  = 0.10, 0.27, and 0.37, respectively.  From a 
SOA prediction standpoint, these results show that for many instances, especially for large transi-
ent terpene releases, using a constant value of α for α-pinene (e.g. 0.2 or 0.25) would yield good 
order of magnitude results.  However, the limonene α is much too variable to use a constant value 
for meaningful results.  This conclusion is consistent with our previous results that did not take 
the AER influence into account (Youssefi and Waring, 2012). 
 
The α(ALL) parameters are larger for (Low Terp.) t=0  than (High Terp.) t=0  cases, even 
though the initial reactant products are an order of magnitude greater for the latter condition.  For 
instance, at the same percentiles in the above paragraph, the factor variations of α(ALL) [i.e., 
(High Terp.) t=0  ÷ (Low Terp.) t=0 ] for α-pinene were 0.25, 0.73, and 0.76, respectively, and for 
limonene were 0.59, 0.75, and 0.46, respectively.  Thus, at the medians, both terpenes have 
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α(ALL) for the (High Terp.) t=0  cases that are about 3/4 of (Low Terp.) t=0  cases.  The regression 
analyses in Section 3.2 suggests that higher initial terpene concentrations shift the α(ALL) distri-
bution negatively because lower α(ALL) occur for α-pinene when reactants are different in mag-
nitude and for limonene when initial ozone-limonene ratios are low.   
 
However, this α trend should not be interpreted as applying to the magnitude of SOA for-
mation that would occur at these conditions, which is parameterized by S, the initial SOA for-
mation rate.  For the all-inputs-varied, (Low Terp.) t=0  case, the 5th, 50th, 95th percentiles for α-pi-
nene were S α-pin,Low  = 0.47, 2.3, and 11 μg/m3·h, respectively, and for limonene were S lim,Low  = 
1.3, 7.6, and 44 μg/m3·h, respectively.  For the (High Terp.) t=0  condition, α-pinene had S α-pin,High  
= 3.5, 14, and 52 μg/m3·h, respectively, and limonene had S lim,High  = 8.4, 51, and 266 μg/m3·h, re-
spectively.  Median results indicate that at the same AERs and ozone and terpene initial concen-
trations, limonene would generate a factor of 3.3 and 3.6 more SOA than would α-pinene, for the 
(Low Terp.) t=0  and (High Terp.) t=0  conditions, respectively.  Moreover, the initial formation rates 
somewhat followed the trends of α(ALL), except that changing reactant concentrations had a 
larger effect on S relative to α(ALL) since S is influenced by concentrations of both reactants di-
rectly and the AER indirectly.  For this reason, changing the AER has a larger relative impact on 
α(ALL) than it does on the resulting SOA formation rate. 
 
4. CONCLUSIONS 
This study investigated indoor SOA formation due to transient α-pinene ozonolysis, for 
pulse terpene emissions in volumes with air exchange.  Transient AMF parameters were quanti-
fied for SOA formation regimes (i.e., <MAX, >MAX, ALL) for 19 experiments at low, moderate, 
and high AERs (0.30, 0.52, and 0.94 h-1, respectively) at varying initial reactant concentrations.  
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Transient AMFs were near those of other α-pinene AMF experiments in the literature, and they 
ranged from 0.071 to 0.25 at the experimental peak SOA values.  Regression analyses to probe 
the sensitivity of AMF parameters (outcomes) on the input variables (predictors) of AER and dif-
ferent combinations of initial reactant concentrations suggest that the strongest formation due α-
pinene ozonolysis occurs as both the AER increases and the initial ozone and α-pinene concentra-
tion product increases, in a manner such that the reactants are near each other in magnitude. 
 
These results were different from our similar limonene ozonolysis study (Youssefi and 
Waring, 2014), in which the AMF increased as the AER decreased and the initial ozone-limonene 
ratio and (to a lesser extent, the product) increased, due to increased secondary reaction occur-
rences.  These differences arise due to molecular structural differences.  Limonene has two dou-
ble bonds, and secondary ozone chemistry with the remaining exocyclic bond in the SOA phase is 
the driving factor; α-pinene only has one, and resulting AER impacts are likely due to removal of 
products and competing loss effects.  We hypothesize that some of these double bond-specific re-
lationships are extrapolatable to other terpenoids, and our group is currently exploring SOA for-
mation by α-terpineol ozonolysis.  Finally, limonene has a greater potential to influence indoor 
SOA concentrations than α-pinene, and the accurate prediction of limonene relies on the relation-
ships discussed (Youssefi and Waring, 2014), while α-pinene is much more predictable by using 
only the initial product of the α-pinene and ozone concentrations.   
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Table 1. Experimental conditions and results for 19 experiments measuring transient SOA for-
mation due to α-pinene ozonolysis.   
Exp.      
IDa 
Air ex-
change 
rate (h-1) 
Temp.b 
(°C) 
Initial                
ozone                
(ppb) 
Initial               
α-pinene 
(ppb) 
Surface 
deposi-
tion ratec 
(h-1) 
Max 
SOA 
massd 
(μg/m3) 
Max SOA 
Numberd 
(#/cm3) 
GM                 
of 
maxd 
(nm) 
GSD                   
of maxd 
(-) 
Moderate air exchange rate 
P1 0.52 25 50 237 0.081 16 12525 92.3 1.6 
P2 0.52 23 49 233 0.078 14 9898.9 93.5 1.6 
P3 0.52 24 51 77 0.099 5.5 10011 67.3 1.6 
P4 0.52 22 97 118 0.077 23 13741 93.0 1.7 
P5 0.52 23 295 40 0.085 16 13506 76.3 1.7 
P6 0.52 23 193 27 0.089 4.5 6233.8 73.4 1.8 
Low air exchange rate 
P7 0.3 22 48 385 0.076 13 6605.5 126 1.4 
P8 0.3 23 47 155 0.074 8.1 5647.2 104 1.6 
P9 0.3 22 46 88 0.079 4.4 6638.5 62.5 1.6 
P10 0.3 24 93 52 0.090 7.2 8060.1 83.5 1.5 
P11 0.3 22 293 99 0.072 112 30983 141 1.5 
P12 0.3 22 193 25 0.081 7.1 9700.3 76.3 1.8 
High air exchange rate 
P13 0.95 24 48 280 0.095 10 16389 70.2 1.5 
P14 0.97 24 49 250 0.10 8.9 18545 68.5 1.5 
P15 0.92 24 49 86 0.12 3.7 14646 53.2 1.6 
P16 0.95 23 295 12 0.22 2.6 34906 36.9 1.5 
P17 0.94 22 193 27 0.16 3.3 22658 46.0 1.5 
P18 0.95 23 292 93 0.077 35 21355 92.8 1.7 
P19 0.92 21 96 53 0.13 4.8 14698 63.4 1.5 
 
i. Experiment identification number 
j. Temp. = temperature; relative humidity for all experiments was less than 3.5% 
k. Surface deposition rates at the time of the maximum SOA mass (first peak) determined us-
ing the theory of Lai and Nazaroff (2000) 
l. The maximum SOA mass and number concentrations occurred at different times in the ex-
periments. The number maximum always occurred prior to the mass maximum, and the GM 
(geometric mean) and GSD (geometric standard deviation) are for the maximum number 
concentration 
 
  
213 
 
Table 2. Fits between measured SOA and predicted dROG concentrations, for three different fit-
ting conditions (see notes below), using the linear one-product model in Equation 3.   
  Until first peak of SOAb   After first peak of SOAc   All SOA
d, fixed c* = 3.5 
μg/m3 
Exp. α(<MAX) c*(<MAX)     α(>MAX) c*(>MAX)     α(ALL) c*(ALL)   
Ida (-) (μg/m3) R2   (-) (μg/m3) R2   (-) (μg/m3) R2 
Moderate air exchange rate     
P1 0.16 5.1 0.97   0.14 5.9 0.96   0.12 3.5 0.98 
P2 0.15 4.6 0.96   0.13 4.5 0.95   0.13 3.5 0.99 
P3 0.20 2.8 0.99   0.22 4.0 0.97   0.21 3.5 0.99 
P4 0.25 2.4 0.96   0.28 9.8 0.98   0.22 3.5 0.98 
P5 0.16 -1.3 0.95   0.25 7.9 0.96   0.19 3.5 0.98 
P6e 0.22 3.3 0.96   -0.088 -6.0 0.14   0.14 3.5 0.89 
Low air exchange rate     
P7e 0.067 11 0.97   -0.096 -50 0.60   0.028 3.5 0.91 
P8 0.075 0.35 0.49   0.35 28 0.99   0.099 3.5 0.98 
P9e 0.034 -1.7 0.21   0.37 15 0.93   0.14 3.5 0.98 
P10 0.16 1.8 0.97   0.36 15 0.89   0.17 3.5 0.98 
P11e 2.6 277 0.95   0.31 23 0.71   0.22 3.5 0.93 
P12 0.081 -2.2 0.52   0.48 18 0.98   0.19 3.5 0.97 
High air exchange rate     
P13 0.19 4.2 0.97   0.19 5.5 0.98   0.16 3.5 0.99 
P14e 0.18 4.9 0.98   0.047 -0.81 0.15   0.11 3.5 0.84 
P15 0.16 0.82 0.96   0.18 1.6 0.98   0.27 3.5 0.98 
P16 0.19 0.28 0.98   0.22 0.99 0.98   0.45 3.5 0.97 
P17 0.20 1.3 0.92   0.16 0.87 0.99   0.31 3.5 0.97 
P18 0.37 16 0.98   0.27 8.7 0.99   0.22 3.5 0.97 
P19 0.27 2.5 0.96   0.31 4.5 0.95   0.27 3.5 0.99 
 
f. Experiment identification number 
g. <MAX fits for are fits for SOA > 1 μg/m3 and up to the first peak SOA concentration 
h. >MAX fits for after first peak SOA concentration 
i. ALL fits for all SOA with a fixed c* = 3.5 μg/m3   
j. Experiments of P6, P7, P9, P11, and P14 had poor fits or outlier results and are not in-
cluded in further analysis (see text for details) 
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Table 3. Multiple linear regression fits for outcome variables of α and c* listed in Table 2 with 
input variables for α-pinene experiments; for comparison, results also shown from limonene ozo-
nolysis experiments for α(ALL) from Youssefi and Waring (2014). Bolded predictors have p < 
0.05. 
Outcome Statistica (C O3 ×C pin ) t=0 b AERc (C O3 /C pin ) t=0 d (C O3 ) t=0 e (C pin ) t=0 f y-int R2 
Regression variables for α-pinene ozonolysis AMF parameters          
α(<MAX) Coef. 0.000017 0.13 0.0057 -0.00097 -0.0010 0.16 0.85 
  p-value 0.0087 0.014 0.26 0.060 0.012 0.011   
  SRC 1.4 0.48 0.49 -1.3 -1.2    
                 
c*(<MAX) Coef. 0.0012 2.8 0.48 -0.065 -0.044 1.3 0.90 
  p-value 0.00081 0.21 0.058 0.014 0.017 0.58   
  SRC 1.7 0.17 0.71 -1.5 -0.86    
                 
α(>MAX) Coef. 7.5E-06 -0.21 0.0036 -0.00050 -0.0010 0.47 0.52 
  p-value 0.53 0.066 0.74 0.63 0.22 0.0025   
  SRC 0.48 -0.58 0.24 -0.51 -0.85    
                 
c*(>MAX) Coef. 0.00058 -22 0.26 -0.032 -0.028 24 0.57 
  p-value 0.51 0.016 0.75 0.68 0.61 0.020   
  SRC 0.48 -0.78 0.22 -0.42 -0.32    
                 
α(ALL) Coef. 4.5E-06 0.17 0.012 -0.00069 -0.00074 0.18 0.97 
  p-value 0.13 0.000085 0.0012 0.019 0.0022 0.00010   
  SRC 0.32 0.51 0.89 -0.77 -0.72    
                 
Outcome Statistic (C O3 ×C lim ) t=0 g AER (C O3 /C lim ) t=0 h     y-int R2 
Regression variables for limonene ozonolysis AMF parameters (Youssefi and Waring, 2014)    
α(ALL) Coef. 8.30E-07 -0.46 0.053     0.48 0.83 
  p-value 0.0035 6.70E-05 0.029     
6.40E-
08   
  SRC 0.41 -0.67 0.26        
 
i. Coef. = regression coefficient; p-value < 0.05 indicates significance of the input or intercept 
in the regression; SRC = standardized regression coefficient 
j. (C O3 ×C pin ) t=0  = initial ozone-α-pinene concentration product 
k. AER = air exchange rate 
l. (C O3 /C pin ) t=0  = initial ozone/α-pinene concentration ratio 
m. (C O3 ) t=0  = initial ozone concentration  
n. (C pin ) t=0  = initial α-pinene concentration  
o. (C O3 ×C lim) t=0  = initial ozone-limonene concentration product  
p. (C O3 /C lim) t=0  = initial ozone/limonene concentration ratio   
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Figure 1. Typical results for transient SOA formation experiments, using experiment P2 as an ex-
ample.  Plot (a) shows measured, m, results for SOA, limonene, and ozone, as well as predicted, 
p, results for SOA, limonene, and dROG.  Plot (b) shows linear fits between measured SOA and 
predicted dROG using Equation 3, including three fits: <MAX are fits for SOA > 1 μg/m3 and up 
to the first peak of SOA; >MAX are for after first peak SOA; and ALL are for all SOA with a 
fixed y-intercept of 3.5 μg/m3.  Hollow dark squares are <MAX and filled gray circles are >MAX 
for individual data points (filled circles appear as a gray band due to close spacing). 
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Figure 2. Aerosol mass fraction (AMF) as a function of maximum SOA concentration assuming 
unity density of SOA and a linear one-product model using α(ALL) for c* = 3.5 μg/m3 (i.e., Equa-
tion 3).  Also shown are unit density AMFs curve fits for steady state flow through experiments 
by Shilling et al. (2008) and Chen and Hopke (2009) (divided by density = −0.181×ln(C SOA) + 
1.88, which was estimated from results in their paper), and batch experiments from Presto and 
Donahue (2006) and Pathak et al. (2007). 
  
217 
 
 
Figure 3. Comparison of α-pinene and limonene SOA formation behavior, including peak SOA 
as a function of the (a) initial product of ozone and terpene concentrations and (b) the air ex-
change rate, AER.  The shaded areas on plots represent the 95% confidence intervals for individ-
ual linear fits to data. 
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Figure 4. Impact of initial ozone, (O 3 ) t=0 , and terpene, (Low Terp.) t=0  or (High Terp.) t=0 , con-
centrations and air exchange rate, AER, on the AMF parameter, α(ALL), using fits from this 
work for α-pinene and Youssefi and Waring (2014) for limonene, as well as on SOA formation 
rates.  Impacts were quantified using a Monte Carlo analysis with the distributions listed on the 
figure in which different parameters were held constant at the geometric mean (GM) or allowed 
to vary according to the distribution.   
  
219 
 
 
 
 
 
 
 
 
 
Appendix  
 
220 
 
% This is the main code to model number concentration. 1 
% The experimental parameters that needed to be fed to the code 2 
are: 3 
% 1- Ozone and terpine concentrations during the experiment. 4 
% 2- Geometric mean, GM, and geometric standard deviation,GSD, at 5 
the peak. 6 
% 3- Total number of particles at the peak, N. 7 
% 4- The number of bins used in modeling, n. The real number of 8 
bins is 32. 9 
%    However, for accuracy purposes, more bins are assumed in the 10 
modeling. 11 
  12 
clear all 13 
Exp=1; 14 
  15 
Hamaker=20; 16 
  17 
pow=2.8; 18 
  19 
warning off 20 
  21 
switch Hamaker 22 
    case 20 23 
        Waals=xlsread('C:\Users\sy344\Dropbox\LaptopDesktop\Re-24 
search\fourth Paper\Matlab\coagulationKer-25 
nel.xlsx','20','B2:JY285'); 26 
    case 50 27 
         Waals=xlsread('C:\Users\sy344\Dropbox\LaptopDesktop\Re-28 
search\fourth Paper\Matlab\coagulationKer-29 
nel.xlsx','50','B2:JY285'); 30 
    case 100 31 
         Waals=xlsread('C:\Users\sy344\Dropbox\LaptopDesktop\Re-32 
search\fourth Paper\Matlab\coagulationKer-33 
nel.xlsx','100','B2:JY285'); 34 
    case 150 35 
         Waals=xlsread('C:\Users\sy344\Dropbox\LaptopDesktop\Re-36 
search\fourth Paper\Matlab\coagulationKer-37 
nel.xlsx','150','B2:JY285'); 38 
    case 200 39 
         Waals=xlsread('C:\Users\sy344\Dropbox\LaptopDesktop\Re-40 
search\fourth Paper\Matlab\coagulationKer-41 
nel.xlsx','200','B2:JY285'); 42 
end 43 
         44 
  45 
switch Exp 46 
    case 1 47 
        N = 319184.25625*10^6; 48 
        GM=32.44106105; 49 
        GSD = 1.5; 50 
        Lamda = 0.53/3600; 51 
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        betaexp=.1/3600; 52 
        Experimental = xlsread('C:\Users\sy344\Dropbox\Lap-53 
topDesktop\Research\fourth Paper\Experimental_data\Limo-54 
nene\Lim_Matlab.xlsx','Exp1'); 55 
        ExperimentCh=xlsread('C:\Users\sy344\Dropbox\LaptopDesk-56 
top\Research\fourth Paper\Experimental_data\Limo-57 
nene\Lim_GM_GSD_N_Mass_exp.xlsx','Exp1'); 58 
  59 
    case 2 60 
        N=287805.7845*10^6; 61 
        GM=30.52519374; 62 
        GSD=1.6; 63 
        Lamda = 0.52/3600; 64 
        %u*=.15 65 
        betaexp=.00009; 66 
        Experimental = xlsread('C:\Users\sy344\Dropbox\Lap-67 
topDesktop\Research\fourth Paper\Experimental_data\Limo-68 
nene\Lim_Matlab.xlsx','Exp2'); 69 
        ExperimentCh=xlsread('C:\Users\sy344\Dropbox\LaptopDesk-70 
top\Research\fourth Paper\Experimental_data\Limo-71 
nene\Lim_GM_GSD_N_Mass_exp.xlsx','Exp2'); 72 
  73 
    case 3 74 
        N=107318.0864*10^6; 75 
        GM=35.42040451; 76 
        GSD=1.48; 77 
        Lamda = 0.52/3600; 78 
        betaexp=.00007; 79 
        Experimental = xlsread('C:\Users\sy344\Dropbox\Lap-80 
topDesktop\Research\fourth Paper\Experimental_data\Limo-81 
nene\Lim_Matlab.xlsx','Exp3'); 82 
        ExperimentCh=xlsread('C:\Users\sy344\Dropbox\LaptopDesk-83 
top\Research\fourth Paper\Experimental_data\Limo-84 
nene\Lim_GM_GSD_N_Mass_exp.xlsx','Exp3'); 85 
  86 
    case 4 87 
        N=148867.8687*10^6; 88 
        GM=39.66116071; 89 
        GSD=1.74; 90 
        Lamda = 0.53/3600; 91 
        betaexp=.185/3600; 92 
        Experimental = xlsread('C:\Users\sy344\Dropbox\Lap-93 
topDesktop\Research\fourth Paper\Experimental_data\Limo-94 
nene\Lim_Matlab.xlsx','Exp4'); 95 
        ExperimentCh=xlsread('C:\Users\sy344\Dropbox\LaptopDesk-96 
top\Research\fourth Paper\Experimental_data\Limo-97 
nene\Lim_GM_GSD_N_Mass_exp.xlsx','Exp4'); 98 
  99 
         100 
    case 5 101 
        N=165180.6361*10^6; 102 
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        GM=46.05692004; 103 
        GSD=1.44; 104 
        Lamda = 0.53/3600; 105 
        betaexp=0.25/3600; 106 
        Experimental = xlsread('C:\Users\sy344\Dropbox\Lap-107 
topDesktop\Research\fourth Paper\Experimental_data\Limo-108 
nene\Lim_Matlab.xlsx','Exp5'); 109 
        ExperimentCh=xlsread('C:\Users\sy344\Dropbox\LaptopDesk-110 
top\Research\fourth Paper\Experimental_data\Limo-111 
nene\Lim_GM_GSD_N_Mass_exp.xlsx','Exp5'); 112 
  113 
    case 6 114 
        N=107527.4113*10^6; 115 
        GM=50.13389723; 116 
        GSD=1.42; 117 
        Lamda = 0.53/3600; 118 
         betaexp=032/3600; 119 
        Experimental = xlsread('C:\Users\sy344\Dropbox\Lap-120 
topDesktop\Research\fourth Paper\Experimental_data\Limo-121 
nene\Lim_Matlab.xlsx','Exp6'); 122 
        ExperimentCh=xlsread('C:\Users\sy344\Dropbox\LaptopDesk-123 
top\Research\fourth Paper\Experimental_data\Limo-124 
nene\Lim_GM_GSD_N_Mass_exp.xlsx','Exp6'); 125 
  126 
    case 7 127 
        N=137165.5873*10^6;  128 
        GM=65.22233526; 129 
        GSD=1.49; 130 
        Lamda = 0.26/3600; 131 
         betaexp=0.43/3600; 132 
        Experimental = xlsread('C:\Users\sy344\Dropbox\Lap-133 
topDesktop\Research\fourth Paper\Experimental_data\Limo-134 
nene\Lim_Matlab.xlsx','Exp7'); 135 
        ExperimentCh=xlsread('C:\Users\sy344\Dropbox\LaptopDesk-136 
top\Research\fourth Paper\Experimental_data\Limo-137 
nene\Lim_GM_GSD_N_Mass_exp.xlsx','Exp7'); 138 
  139 
    case 8 140 
        N=92918.05353*10^6; 141 
        GM=64.82591457; 142 
        GSD=1.54; 143 
        Lamda = 0.27/3600; 144 
         betaexp=0.36/3600; 145 
        Experimental = xlsread('C:\Users\sy344\Dropbox\Lap-146 
topDesktop\Research\fourth Paper\Experimental_data\Limo-147 
nene\Lim_Matlab.xlsx','Exp8'); 148 
        ExperimentCh=xlsread('C:\Users\sy344\Dropbox\LaptopDesk-149 
top\Research\fourth Paper\Experimental_data\Limo-150 
nene\Lim_GM_GSD_N_Mass_exp.xlsx','Exp8'); 151 
  152 
    case 9 153 
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        N=154923.0333*10^6;  154 
        GM=35.20918887;  155 
        GSD=1.51; 156 
        Lamda = 0.31/3600; 157 
         betaexp=0.34/3600; 158 
        Experimental = xlsread('C:\Users\sy344\Dropbox\Lap-159 
topDesktop\Research\fourth Paper\Experimental_data\Limo-160 
nene\Lim_Matlab.xlsx','Exp9'); 161 
        ExperimentCh=xlsread('C:\Users\sy344\Dropbox\LaptopDesk-162 
top\Research\fourth Paper\Experimental_data\Limo-163 
nene\Lim_GM_GSD_N_Mass_exp.xlsx','Exp9'); 164 
  165 
    case 10 166 
        N=517218.2358*10^6;  167 
        GM=70.41709748; 168 
        GSD=1.48; 169 
        Lamda = 0.28/3600; 170 
         betaexp=0.23/3600; 171 
        Experimental = xlsread('C:\Users\sy344\Dropbox\Lap-172 
topDesktop\Research\fourth Paper\Experimental_data\Limo-173 
nene\Lim_Matlab.xlsx','Exp10'); 174 
        ExperimentCh=xlsread('C:\Users\sy344\Dropbox\LaptopDesk-175 
top\Research\fourth Paper\Experimental_data\Limo-176 
nene\Lim_GM_GSD_N_Mass_exp.xlsx','Exp10'); 177 
  178 
    case 11 179 
        N=313405.1149*10^6; 180 
        GM=63.84271514; 181 
        GSD=1.47; 182 
        Lamda = 0.3/3600; 183 
         betaexp=0.18/3600; 184 
        Experimental = xlsread('C:\Users\sy344\Dropbox\Lap-185 
topDesktop\Research\fourth Paper\Experimental_data\Limo-186 
nene\Lim_Matlab.xlsx','Exp11'); 187 
        ExperimentCh=xlsread('C:\Users\sy344\Dropbox\LaptopDesk-188 
top\Research\fourth Paper\Experimental_data\Limo-189 
nene\Lim_GM_GSD_N_Mass_exp.xlsx','Exp11'); 190 
  191 
    case 12 192 
        N=162059.6845*10^6; 193 
        GM=55.15441116; 194 
        GSD=1.53; 195 
        Lamda = 0.26/3600; 196 
         betaexp=0.21/3600; 197 
        Experimental = xlsread('C:\Users\sy344\Dropbox\Lap-198 
topDesktop\Research\fourth Paper\Experimental_data\Limo-199 
nene\Lim_Matlab.xlsx','Exp12'); 200 
        ExperimentCh=xlsread('C:\Users\sy344\Dropbox\LaptopDesk-201 
top\Research\fourth Paper\Experimental_data\Limo-202 
nene\Lim_GM_GSD_N_Mass_exp.xlsx','Exp12'); 203 
  204 
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    case 13 205 
        N=85686.08373*10^6; 206 
        GM=41.14639108; 207 
        GSD=1.47; 208 
        Lamda = 0.95/3600; 209 
         betaexp=0.47/3600; 210 
         Experimental = xlsread('C:\Users\sy344\Dropbox\Lap-211 
topDesktop\Research\fourth Paper\Experimental_data\Limo-212 
nene\Lim_Matlab.xlsx','Exp13'); 213 
        ExperimentCh=xlsread('C:\Users\sy344\Dropbox\LaptopDesk-214 
top\Research\fourth Paper\Experimental_data\Limo-215 
nene\Lim_GM_GSD_N_Mass_exp.xlsx','Exp13'); 216 
  217 
    case 14 218 
        N=23122.4298*10^6; 219 
        GM=71.55291267; 220 
        GSD=1.44; 221 
        Lamda = 0.9/3600; 222 
         betaexp=0.1/3600; 223 
        Experimental = xlsread('C:\Users\sy344\Dropbox\Lap-224 
topDesktop\Research\fourth Paper\Experimental_data\Limo-225 
nene\Lim_Matlab.xlsx','Exp14'); 226 
        ExperimentCh=xlsread('C:\Users\sy344\Dropbox\LaptopDesk-227 
top\Research\fourth Paper\Experimental_data\Limo-228 
nene\Lim_GM_GSD_N_Mass_exp.xlsx','Exp14'); 229 
  230 
    case 15 231 
        N=27904.09658*10^6; 232 
        GM=54.91281595; 233 
        GSD=1.5; 234 
        Lamda = 0.96/3600; 235 
         betaexp=0.45/3600; 236 
        Experimental = xlsread('C:\Users\sy344\Dropbox\Lap-237 
topDesktop\Research\fourth Paper\Experimental_data\Limo-238 
nene\Lim_Matlab.xlsx','Exp15'); 239 
        ExperimentCh=xlsread('C:\Users\sy344\Dropbox\LaptopDesk-240 
top\Research\fourth Paper\Experimental_data\Limo-241 
nene\Lim_GM_GSD_N_Mass_exp.xlsx','Exp15'); 242 
  243 
         244 
    case 16 245 
        N=264731.1974*10^6; 246 
        GM=34.6079942; 247 
        GSD=1.52; 248 
        Lamda = 0.96/3600; 249 
         betaexp=0.16/3600; 250 
        Experimental = xlsread('C:\Users\sy344\Dropbox\Lap-251 
topDesktop\Research\fourth Paper\Experimental_data\Limo-252 
nene\Lim_Matlab.xlsx','Exp16'); 253 
        ExperimentCh=xlsread('C:\Users\sy344\Dropbox\LaptopDesk-254 
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top\Research\fourth Paper\Experimental_data\Limo-255 
nene\Lim_GM_GSD_N_Mass_exp.xlsx','Exp16'); 256 
  257 
    case 17 258 
        N=99172.94971*10^6; 259 
        GM=37.2373205; 260 
        GSD=1.48; 261 
        Lamda = 0.95/3600; 262 
         betaexp=0.18/3600; 263 
        Experimental = xlsread('C:\Users\sy344\Dropbox\Lap-264 
topDesktop\Research\fourth Paper\Experimental_data\Limo-265 
nene\Lim_Matlab.xlsx','Exp17'); 266 
        ExperimentCh=xlsread('C:\Users\sy344\Dropbox\LaptopDesk-267 
top\Research\fourth Paper\Experimental_data\Limo-268 
nene\Lim_GM_GSD_N_Mass_exp.xlsx','Exp17'); 269 
  270 
    case 18 271 
        N=70967.27721*10^6; 272 
        %N=82967.27721*10^6; 273 
        GM=37.15112399; 274 
        GSD=1.46; 275 
        Lamda = 0.97/3600; 276 
         betaexp=0.24/3600; 277 
        Experimental = xlsread('C:\Users\sy344\Dropbox\Lap-278 
topDesktop\Research\fourth Paper\Experimental_data\Limo-279 
nene\Lim_Matlab.xlsx','Exp18'); 280 
        ExperimentCh=xlsread('C:\Users\sy344\Dropbox\LaptopDesk-281 
top\Research\fourth Paper\Experimental_data\Limo-282 
nene\Lim_GM_GSD_N_Mass_exp.xlsx','Exp18'); 283 
  284 
end 285 
  286 
  287 
  288 
[m, mmm] = size(Experimental); 289 
  290 
% m is the number of time points. 291 
  292 
Ozonei = Experimental(1,1); 293 
Limi = Experimental(1,2); 294 
Ozone = abs(Experimental(2:m,1)); 295 
Lim = abs(Experimental(2:m,2)); 296 
% The first line in the lim and ozone data fie is the initial 297 
% concentrations of limonene and ozone.  298 
m = m-1; 299 
  300 
  301 
  302 
  303 
  304 
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%^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^Initial Distribu-305 
tion^^^^^^^^^^^^^^^^^^^^^^ 306 
% Function monodisperse produces the initial distribution of par-307 
ticles by 308 
% getting GM, GSD an N. It returns initial distribution and diam-309 
eters of 310 
% bins.  311 
  312 
Ninitial=volumeratio(GM,GSD,N); 313 
[p, q]=size(Ninitial); 314 
% q is the number of bins. 315 
Dp=zeros(1,q); 316 
Dp(:)=Ninitial(2,:)/10^9;  % Uit is m. 317 
V(1,:)=Dp(1,:).^3*pi/6; 318 
Volume=zeros(m,q); 319 
  320 
%****************************************************************321 
********** 322 
Number = zeros(m,q); 323 
Number(1,:)=Ninitial(1,:); 324 
Volume(1,:)=V(1,:).*Number(1,:); 325 
%****************************************************************326 
********** 327 
SOAi = Mass(Number(1,:),Dp); %kg/m3; 328 
%****************************Deposition Loss 329 
Rate************************** 330 
% 331 
length =1; 332 
width = 1; 333 
height= 1; 334 
BetaN=zeros(1,q); 335 
Beta=zeros(1,q); 336 
for i=1:q 337 
    BetaN(1,i)=BetaSOA_Lai(Dp(1,i),ustar); 338 
end 339 
Beta(:,:)=betaexp; 340 
%****************************Coagulation calcula-341 
tion*********************** 342 
%coagulation=kernel(Dp); 343 
  344 
Brownian=xlsread('C:\Users\sy344\Dropbox\LaptopDesktop\Re-345 
search\fourth Paper\Matlab\coagulationKernel.xlsx','Browni-346 
an','B2:JY285');; 347 
  348 
coagulation(:,:)=Waals(:,:)+Brownian(:,:); 349 
  350 
%************************************** 351 
vv=zeros(q,q); 352 
F=zeros(q,q,q); 353 
for i=1:q 354 
    for j=1:q 355 
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        vv(i,j)=V(1,i)+V(1,j); 356 
        for k=1:q 357 
            if k==1 358 
                F(i,j,k)=0; 359 
                else if (k==q && vv(i,j)>V(1,k)) 360 
                    F(i,j,k)=1; 361 
                    else if (V(1,k)<=vv(i,j)&& vv(i,j)<V(1,k+1)) 362 
                         F(i,j,k)=((V(1,k+1)-vv(i,j))/(V(1,k+1)-363 
V(1,k)))*V(1,k)/vv(i,j); 364 
                        else if (V(1,k-1)<vv(i,j)&& 365 
vv(i,j)<V(1,k)) 366 
                                F(i,j,k)=1-F(i,j,k-1); 367 
                            end 368 
                        end 369 
                    end 370 
            end 371 
        end 372 
    end 373 
end 374 
%**************************************                                       375 
reactionK =.01836 /3600; % Reaction rate constant, ozone and lim-376 
onene, unit 1/ppb.s 377 
%****************************************************************378 
********** 379 
soa=zeros(1,m); 380 
soa(1,1)=SOAi; 381 
  382 
f=Correctionf(Dp); 383 
  384 
  385 
dt=60; % S 386 
AMF=zeros(1,m); 387 
  388 
dSOAdt=zeros(1,m); 389 
dm=zeros(m,q); 390 
density=1000; 391 
dv=dm/density; 392 
%****************************************************************393 
********* 394 
%****************************************************************395 
********** 396 
  397 
  398 
for time=2:m 399 
    400 
 %-------------the rate of SOA production 401 
            % AerosolMF is the function to estimate AMF. 402 
        %dSOA is the function to estimate the rate of SOA produc-403 
tion. 404 
    AMF(time)=AMFraction(Exp,soa(1,time-1)); 405 
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    dSOAdt(time)=dSOA(reac-406 
tionK,AMF(time),Ozone(time),Lim(time))/10^9;  % rate of produced 407 
SOA kg/s 408 
 %--------------Estimating the constant B, needed to find 409 
            %partitioning for every bin. 410 
    sigma=0; 411 
    for j=1:q 412 
        sigma=sigma+Number(time-1,j)*Dp(1,j)^(pow)*f(1,j); % It 413 
must use data for previous time step. 414 
    end 415 
    B=dSOAdt(time)/sigma; 416 
  %---------------dv = volume of produced SOA in each bin during 417 
dt------- 418 
    for j=1:q 419 
        %dv(time,j)=B/density*f(1,j)*Dp(1,j)*dt; 420 
        dv(time,j)=B/density*f(1,j)*Dp(1,j)^(pow)*dt; 421 
    end 422 
  %--------------------------------------------------------------423 
---------  424 
  vm=zeros(1,k); 425 
  FF=zeros(q,q); 426 
  for i=1:q 427 
      vm(time,i)=V(1,i)+dv(time,i); 428 
        for k=1:q 429 
            if (k==q && vm(time,i)>V(1,k)) 430 
                FF(i,k)=1; 431 
            else if (k~=q && V(1,k)<=vm(time,i) && 432 
vm(time,i)<V(1,k+1)) 433 
                    FF(i,k)=((V(1,k+1)-vm(time,i))/(V(1,k+1)-434 
V(1,k)))*V(1,k)/vm(time,i); 435 
                else if (k>1 && V(1,k-1)<vm(time,i) && 436 
vm(time,i)<V(1,k)) 437 
                        FF(i,k)=1-FF(i,k-1); 438 
                    end  439 
                end 440 
            end 441 
        end 442 
  end 443 
  %--------------------------------------------------------------444 
--------- 445 
  for k=1:q 446 
          SumA=0; 447 
          SumB=0; 448 
          for a=1:q 449 
              SumA=SumA+(1-F(k,a,k))*coagulation(k,a)* Num-450 
ber(time-1,a); 451 
          end 452 
          for b=k+1:q 453 
              SumB=SumB+FF(k,b); 454 
          end 455 
          SumC=0; 456 
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          for cc=1:k-1 457 
              SumC=SumC+Number(time-1,cc)*V(1,k)*FF(cc,k); 458 
          end 459 
          SumD=0; 460 
          for dd=1:k 461 
              for d=1:k-1 462 
                  SumD=SumD+F(d,dd,k)*coagulation(d,dd)*Vol-463 
ume(time-1,d)*Number(time-1,dd); 464 
              end 465 
          end 466 
       467 
          Volume(time,k)=Volume(time-1,k)+dt*(SumC/dt-Vol-468 
ume(time-1,k)*SumB/dt+SumD-Volume(time-1,k)*SumA-469 
(Lamda+Beta(k))*Volume(time-1,k)); 470 
          if Volume(time,k)<0 471 
              Volume(time,k)=0; 472 
          end 473 
          Number(time,k)=Volume(time,k)/V(k);  474 
  end 475 
  soa(1,time)=sum(Volume(time,:))*density; 476 
end 477 
  478 
Range=[5.621 479 
6.495 480 
7.501 481 
8.661 482 
10.005 483 
11.606 484 
13.325 485 
15.367 486 
17.731 487 
20.525 488 
23.749 489 
27.402 490 
31.593 491 
36.537 492 
42.125 493 
48.68 494 
56.202 495 
64.906 496 
75.008 497 
86.613 498 
100.046 499 
115.52 500 
133.359 501 
153.991 502 
177.848 503 
205.358 504 
237.166 505 
273.81 506 
316.257 507 
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365.152 508 
421.676 509 
487.012 510 
562.342]/10^9; 511 
  512 
DD=zeros(q,1); 513 
for i=1:q 514 
    for j=1:32 515 
        if (Dp(i)>Range(j) && Dp(i)<Range(j+1)) 516 
            DD(i)=j; 517 
        end 518 
    end 519 
end 520 
Numberexp=zeros(m,32); 521 
for i=1:q 522 
    switch DD(i) 523 
        case 1 524 
            Numberexp(:,1)=Numberexp(:,1)+Number(:,i); 525 
        case 2 526 
            Numberexp(:,2)=Numberexp(:,2)+Number(:,i); 527 
        case 3 528 
            Numberexp(:,3)=Numberexp(:,3)+Number(:,i); 529 
        case 4 530 
            Numberexp(:,4)=Numberexp(:,4)+Number(:,i); 531 
        case 5 532 
            Numberexp(:,5)=Numberexp(:,5)+Number(:,i); 533 
        case 6 534 
            Numberexp(:,6)=Numberexp(:,6)+Number(:,i); 535 
        case 7 536 
            Numberexp(:,7)=Numberexp(:,7)+Number(:,i); 537 
        case 8 538 
            Numberexp(:,8)=Numberexp(:,8)+Number(:,i); 539 
        case 9 540 
            Numberexp(:,9)=Numberexp(:,9)+Number(:,i); 541 
        case 10 542 
            Numberexp(:,10)=Numberexp(:,10)+Number(:,i); 543 
        case 11 544 
            Numberexp(:,11)=Numberexp(:,11)+Number(:,i); 545 
        case 12 546 
            Numberexp(:,12)=Numberexp(:,12)+Number(:,i); 547 
        case 13 548 
            Numberexp(:,13)=Numberexp(:,13)+Number(:,i); 549 
        case 14 550 
            Numberexp(:,14)=Numberexp(:,14)+Number(:,i); 551 
        case 15 552 
            Numberexp(:,15)=Numberexp(:,15)+Number(:,i); 553 
        case 16 554 
            Numberexp(:,16)=Numberexp(:,16)+Number(:,i); 555 
        case 17 556 
            Numberexp(:,17)=Numberexp(:,17)+Number(:,i); 557 
        case 18 558 
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            Numberexp(:,18)=Numberexp(:,18)+Number(:,i); 559 
        case 19 560 
            Numberexp(:,19)=Numberexp(:,19)+Number(:,i); 561 
        case 20 562 
            Numberexp(:,20)=Numberexp(:,20)+Number(:,i); 563 
        case 21 564 
            Numberexp(:,21)=Numberexp(:,21)+Number(:,i); 565 
        case 22 566 
            Numberexp(:,22)=Numberexp(:,22)+Number(:,i); 567 
        case 23 568 
            Numberexp(:,23)=Numberexp(:,23)+Number(:,i); 569 
        case 24 570 
            Numberexp(:,24)=Numberexp(:,24)+Number(:,i); 571 
        case 25 572 
            Numberexp(:,25)=Numberexp(:,25)+Number(:,i); 573 
        case 26 574 
             Numberexp(:,26)=Numberexp(:,26)+Number(:,i); 575 
        case 27 576 
            Numberexp(:,27)=Numberexp(:,27)+Number(:,i); 577 
        case 28 578 
            Numberexp(:,28)=Numberexp(:,28)+Number(:,i); 579 
        case 29 580 
            Numberexp(:,29)=Numberexp(:,29)+Number(:,i); 581 
        case 30 582 
            Numberexp(:,30)=Numberexp(:,30)+Number(:,i); 583 
        case 31 584 
            Numberexp(:,31)=Numberexp(:,31)+Number(:,i); 585 
        case 32 586 
            Numberexp(:,32)=Numberexp(:,32)+Number(:,i); 587 
    end 588 
end 589 
  590 
Numberexp=Numberexp/10^6; 591 
  592 
  593 
CharacteristicModel=NGeoMSD(Numberexp); 594 
  595 
[mm nn]=size(CharacteristicModel); 596 
xx=zeros(1,mm); 597 
totalNumberexp=zeros(1,mm); 598 
totalNumbermodel=zeros(1,mm); 599 
Massexp=zeros(1,mm); 600 
Massmodel=zeros(1,mm); 601 
GMexp=zeros(1,mm); 602 
GMmodel=zeros(1,mm); 603 
GSDexp=zeros(1,mm); 604 
GSDmodel=zeros(1,mm); 605 
for i=1:mm 606 
    xx(i)=i-1; 607 
    totalNumberexp(i)=ExperimentCh(i,1); 608 
    totalNumbermodel(i)=CharacteristicModel(i,1); 609 
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    Massexp(i)=ExperimentCh(i,2); 610 
    Massmodel(i)=CharacteristicModel(i,2); 611 
    GMexp(i)=ExperimentCh(i,3); 612 
    GMmodel(i)=CharacteristicModel(i,3); 613 
    GSDexp(i)=ExperimentCh(i,4); 614 
    GSDmodel(i)=CharacteristicModel(i,4); 615 
end 616 
  617 
subplot(2,2,1) 618 
plot(xx,GMexp,xx,GMmodel,'LineWidth',2); 619 
title('GM','LineWidth',1,'FontSize',14,'FontName','Times New 620 
Roman'); 621 
xlabel('Time (min)','LineWidth',1,'FontSize',14,'FontName','Times 622 
New Roman'); 623 
ylabel('GM (nm)','LineWidth',1,'FontSize',14,'FontName','Times 624 
New Roman'); 625 
legend('Experimental','Model') 626 
  627 
subplot(2,2,2) 628 
plot(xx,GSDexp,xx,GSDmodel,'LineWidth',2); 629 
title('GSD','LineWidth',1,'FontSize',14,'FontName','Times New 630 
Roman'); 631 
xlabel('Time (min)','LineWidth',1,'FontSize',14,'FontName','Times 632 
New Roman'); 633 
ylabel('GSD (nm)','LineWidth',1,'FontSize',14,'FontName','Times 634 
New Roman'); 635 
legend('Experimental','Model') 636 
  637 
subplot(2,2,3) 638 
plot(xx,totalNumberexp,xx,totalNumbermodel,'LineWidth',2); 639 
title('Number','LineWidth',1,'FontSize',14,'FontName','Times New 640 
Roman'); 641 
xlabel('Time (min)','LineWidth',1,'FontSize',14,'FontName','Times 642 
New Roman'); 643 
ylabel('Number #/cm3','LineWidth',1,'FontSize',14,'Font-644 
Name','Times New Roman') 645 
legend('Experimental','Model') 646 
  647 
subplot(2,2,4) 648 
plot(xx,Massexp,xx,Massmodel,'LineWidth',2); 649 
title('Mass','LineWidth',1,'FontSize',14,'FontName','Times New 650 
Roman'); 651 
xlabel('Time (min)','LineWidth',1,'FontSize',14,'FontName','Times 652 
New Roman'); 653 
ylabel('SOA concentration ug/m3','LineWidth',1,'Font-654 
Size',14,'FontName','Times New Roman') 655 
legend('Experimental','Model')  656 
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function Ninitial=volumeratio(GM, GSD, N) 1 
  2 
    %Lowest = 5.6; %the lowest limit in FMPS 3 
    %Highest = 562.3; % The highest bound in FMPS 4 
    Lowest=5.6; 5 
    Highest = 560; 6 
    V1=pi*Lowest^3/6; 7 
    Vn=pi*Highest^3/6; 8 
    VR=1.05; 9 
    n=floor(log(Vn/V1)/log(VR))+1; 10 
    V=zeros(1,n); 11 
    diameter=zeros(1,n); 12 
    diameter(1,1)=Lowest; 13 
    %GMvalues=zeros(1,n-1); 14 
    V(1,1)=V1; 15 
    for i=2:n 16 
        V(i)=VR*V(i-1); 17 
        diameter(i)=(6*V(i)/pi)^(1/3); 18 
        %GMvalues(1,i-1)=sqrt(diameter(1,i)*diameter(1,i-1)); 19 
    end 20 
  21 
  22 
    %Input parameters are geometric mean, GM, geometric standard 23 
deviation< GSD, 24 
    % and the total number of particles, N, at the PEAK.  25 
  26 
    Ninitial =zeros (2,n); 27 
    for i=1:n 28 
        Ninitial(2,i)=diameter(1,i); 29 
        if i~=n 30 
           Ninitial(1,i) = (logncdf(diame-31 
ter(1,i+1),log(GM),log(GSD))-logncdf(diame-32 
ter(1,i),log(GM),log(GSD)))*N; 33 
        else 34 
           Ninitial(1,i) = Ninitial(1,i-1);     35 
        end 36 
    end 37 
end 38 
 39 
 40 
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function f=Correctionf(Dp) 1 
[a n]=size(Dp); 2 
f=ones(1,n); 3 
mu=18.27*10^(-6); % Air viscosity, PaS 4 
k=1.38*10^(-23); %Boltzmann constant. 5 
temp=293; %Tempreature K. 6 
density=1000; %density of particles, kg/m3. 7 
lamdaair=.066*10^(-6); 8 
accommodationf=ones(1,n); 9 
  10 
lamda=ones(1,n); 11 
Knudsen=zeros(1,n); 12 
Kn=zeros(1,n); 13 
TS=zeros(1,n); 14 
Diffusivity=zeros(1,n); 15 
m=Dp.^3*pi/6*density;% mass of one particle 16 
  17 
for i=1:n 18 
    Knudsen(1,i) = 2*lamdaair/Dp(1,i); 19 
    Diffusivity(1,i) = k*temp/(3*pi*mu*Dp(1,i))*(5+4*Knud-20 
sen(1,i)+6*Knudsen(1,i)^2+18*Knudsen(1,i)^3)/(5-Knud-21 
sen(1,i)+(8+pi)*Knudsen(1,i)^2); 22 
    TS(1,i)=(8*k*temp/(pi*m(1,i)))^(1/2); 23 
    lamda(i)=3*Diffusivity(1,i)/TS(1,i); 24 
    Kn(1,i)=2*lamda(1,i)/Dp(1,i); 25 
    if Dp(1,i)<=13.8*10^(-9) 26 
        f(1,i)=3*accommodationf(1,i)/(4*Kn(1,i)); 27 
    else  28 
        f(1,i)=(0.75*accommoda-29 
tionf(1,i)*(1+Kn(1,i)))/(Kn(1,i)^2+Kn(1,i)+0.238*Kn(1,i)*accommo-30 
dationf(1,i)+0.75*accommodationf(1,i)); 31 
    end 32 
end 33 
                        34 
end 35 
 36 
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function coagulation=kernel(GMvalues) 1 
  2 
    [mm, n] = size(GMvalues); 3 
    coagulation=ones(n,n); 4 
    Dp=transpose(GMvalues); 5 
    mu=18.27*10^(-6); % Air viscosity, PaS 6 
    lamda = 0.066*10^(-6); %Mean free path, m. 7 
    k=1.38*10^(-23); %Boltzmann constant. 8 
    temp=293; %Tempreature K. 9 
    density=1000; %density of particles, kg/m3. 10 
    alpha=1; % accommodation factor 11 
    Knudsen=zeros(n,1); 12 
    TS=zeros(n,1); 13 
    Diffusivity=zeros(n,1); 14 
    g=zeros(n,1); 15 
    l=zeros(n,1); 16 
    m=Dp.^3*pi/6*density;% mass of one particle 17 
    kk=zeros(n,n); 18 
    correction=zeros(n,n); 19 
     20 
    for j=1:n 21 
        for i=1:n 22 
            Knudsen(i,1) = 2*lamda/Dp(i,1); 23 
            Diffusivity(i,1) = 24 
k*temp/(3*pi*mu*Dp(i,1))*(5+4*Knudsen(i,1)+6*Knud-25 
sen(i,1)^2+18*Knudsen(i,1)^3)/(5-Knudsen(i,1)+(8+pi)*Knud-26 
sen(i,1)^2); 27 
            TS(i,1)=(8*k*temp/(pi*m(i,1)))^(1/2); 28 
            l(i,1)=8*Diffusivity(i,1)/(pi*TS(i,1)); 29 
            g(i,1)=1/(3*Dp(i,1)*l(i,1))*((Dp(i,1)+l(i,1))^3-30 
(Dp(i,1)^2+l(i,1)^2)^(3/2))-Dp(i,1); 31 
         32 
            kk(i,j)=2*pi*(Diffusivity(i,1)+Diffusiv-33 
ity(j,1))*(Dp(i,1)+Dp(j,1)); 34 
            correc-35 
tion(i,j)=1/((Dp(i,1)+Dp(j,1))/(Dp(i,1)+Dp(j,1)+2*(g(i,1)^2+g(j,136 
)^2)^(1/2))+8*alpha*(Diffusivity(i,1)+Diffusiv-37 
ity(j,1))/((TS(i,1)^2+TS(j,1)^2)^(1/2)*(Dp(i,1)+Dp(j,1)))); 38 
            coagulation(i,j)=kk(i,j)*correction(i,j); 39 
        end 40 
    end 41 
     42 
end 43 
 44 
 45 
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function Yield=AMFraction(Exp,CSOA) %CSOA kg/m3 1 
switch Exp 2 
    case 1 3 
        alpha=0.28; 4 
    case 2 5 
        alpha=0.34; 6 
    case 3 7 
        alpha=0.25; 8 
    case 4 9 
        alpha=0.80; 10 
    case 5 11 
        alpha=0.51; 12 
    case 6 13 
        alpha=0.36; 14 
    case 7 15 
        alpha=0.21; 16 
    case 8 17 
        alpha=0.22; 18 
    case 9 19 
        alpha=0.36; 20 
    case 10 21 
        alpha=0.46; 22 
    case 11 23 
        alpha=0.51; 24 
    case 12 25 
        alpha=0.29; 26 
    case 13 27 
        alpha=0.038; 28 
    case 14 29 
        alpha=0.14; 30 
    case 15 31 
        alpha=0.15; 32 
    case 16 33 
        alpha=0.26; 34 
    case 17 35 
        alpha=0.24; 36 
    case 18 37 
        alpha=0.29; 38 
end 39 
         40 
cstar=1; 41 
Yield = alpha * CSOA*10^9/(CSOA *10^(9)+ cstar); 42 
  43 
end 44 
 45 
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function beta=BetaSOA_Lai(GM,ustar,pdensity) 1 
     2 
length=1; 3 
width=1; 4 
height=1; 5 
     6 
    % local temperature: 7 
    temp=293; 8 
    %Gravity 9 
    g=9.81; 10 
    density=1.2; 11 
    part_density=pdensity; 12 
    mu=.0000181; %PaS 13 
    lamda=.066*10^(-6); % mean free path (M) 14 
    k=1.38*10^(-23); %Boltzmann constant 15 
     16 
    u_star=ustar; %m/s 17 
     18 
    nu=mu/density; 19 
    format long 20 
    %slip correction factor for the setteling velocity, Vs 21 
    Cc=1+((2*lamda/GM)*(1.257+.4*exp(-0.55*GM/lamda))); 22 
    Vs=part_density*(GM)^2*g*Cc/(18*mu); 23 
  24 
    %particle diffusion coefficient  25 
    D=(k*temp*Cc)/(3*pi*mu*GM); 26 
  27 
    SC=nu/D; 28 
    a=0.5*log(((10.92*SC^(-1/3)+4.3)^3)/(SC^(-29 
1)+0.0609))+sqrt(3)*atan((8.6-10.92*SC^(-30 
1/3))/(sqrt(3)*10.92*SC^(-1/3))); 31 
    r=(GM*u_star)/(2*nu); 32 
    b=0.5*log(((10.92*SC^(-1/3)+r)^3)/(SC^(-33 
1)+0.0007669*r^3))+sqrt(3)*atan((2*r-10.92*SC^(-34 
1/3))/(sqrt(3)*10.92*SC^(-1/3))); 35 
    I=3.64*SC^(2/3)*(a-b)+39; 36 
  37 
    v_dv=u_star/I;  %Vertical surface, m/s 38 
    v_du=Vs/(1-exp(-Vs*I/u_star)); %upward horizantal surface, 39 
m/s 40 
    v_dd=Vs/(exp(Vs*I/u_star)-1); %downward horizantal surface, 41 
m/s 42 
  43 
    A_d=length*width;    44 
    A_u=length*width; 45 
    A_v=2*(length*height+width*height); 46 
    Volume=length*width*height; 47 
    beta=(v_dv*A_v+v_du*A_u+v_dd*A_d)/Volume; 48 
    AA=[v_dv v_du v_dd beta]; 49 
end  50 
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clear all 51 
Hamaker=20; 52 
 warning off    53 
  54 
    Lowest=5.6; 55 
    Highest = 300; 56 
    V1=pi*Lowest^3/6; 57 
    Vn=pi*Highest^3/6; 58 
    VR=1.05; 59 
    n=floor(log(Vn/V1)/log(VR))+1; 60 
    V=zeros(1,n); 61 
    diameter=zeros(1,n); 62 
    diameter(1,1)=Lowest; 63 
    %GMvalues=zeros(1,n-1); 64 
    V(1,1)=V1; 65 
    for i=2:n 66 
        V(i)=VR*V(i-1); 67 
        diameter(i)=(6*V(i)/pi)^(1/3); 68 
        %GMvalues(1,i-1)=sqrt(diameter(1,i)*diameter(1,i-1)); 69 
    end 70 
Brownian=xlsread('C:\Users\sy344\Dropbox\LaptopDesktop\Re-71 
search\fourth Paper\Matlab\coagulationKernel.xlsx','Browni-72 
an','B2:JY285'); 73 
  74 
count=0; 75 
Waals=zeros(n,n); 76 
for i=1:n 77 
    for j=i:n 78 
        a=diameter(1,i)/2; 79 
        b=diameter(1,j)/2; 80 
        Waals(i,j)=trialff(Hamaker,a,b)*Brownian(i,j); 81 
        Waals(j,i)=Waals(i,j); 82 
        count=count+1 83 
    end 84 
end 85 
name=int2str(Hamaker); 86 
  87 
xlswrite('C:\Users\sy344\Dropbox\LaptopDesktop\Research\fourth 88 
Paper\Matlab\coagulationKernel.xlsx', Waals, name, 'B2:JY285') 89 
  90 
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function WanderWaals=trialff(Hamaker, a, b) 91 
     92 
    %a=5*10^(-9); 93 
    %b=10*10^(-9); 94 
    c=a+b; 95 
    mu=18.27*10^(-6); % Air viscosity, PaS 96 
    lamda = 0.066*10^(-6); %Mean free path, m. 97 
    k=1.38*10^(-23); 98 
    temp=293; 99 
    A=Hamaker*k*temp; 100 
    density=1000; 101 
    %syms r 102 
    %E=-A./6*(2.*a.*b./(r.^2-(a+b).^2)+2.*a.*b/(r.^2-(a-103 
b).^2)+log(r.^2-(a+b).^2)-log(r.^2-(a-b).^2)); 104 
    %diffone=diff(E,r,1); 105 
    %difftwo=diff(E,r,2); 106 
    %g= -107 
1./(2.*(a+b).^2.*k.*temp).*(diff(E,r,1)+r.*(diff(E,r,2))).*exp(r.108 
/2.*diff(E,r,1)+E).*r.^2 109 
    %g= -1./(2.*(a+b).^2.*k.*temp).*(diff(-A./6*(2.*a.*b./(r.^2-110 
(a+b).^2)+2.*a.*b/(r.^2-(a-b).^2)+log(r.^2-(a+b).^2)-log(r.^2-(a-111 
b).^2),r,1)+r.*(diff(-A./6*(2.*a.*b./(r.^2-112 
(a+b).^2)+2.*a.*b/(r.^2-(a-b).^2)+log(r.^2-(a+b).^2)-log(r.^2-(a-113 
b).^2),r,2))).*exp(r./2.*diff(-A./6*(2.*a.*b./(r.^2-114 
(a+b).^2)+2.*a.*b/(r.^2-(a-b).^2)+log(r.^2-(a+b).^2)-log(r.^2-(a-115 
b).^2),r,1)+E).*r.^2 116 
    %g= -1./(2.*(a+b).^2.*k.*temp).*(diffone+r.*(dif-117 
ftwo)).*exp(r./2.*diffone+E).*r.^2; 118 
  119 
        syms r 120 
        E= -A/6*(2*a*b/(r.^2-(a+b)^2)+2*a*b/(r.^2-(a-121 
b)^2)+log(r.^2-(a+b)^2)-log(r.^2-(a-b)^2)); 122 
        g= -123 
1/(2*(a+b)^2*k*temp)*(diff(E,r,1)+r.*(diff(E,r,2)))*exp(-124 
1/k/temp*(r./2*diff(E,r,1)+E)).*r.^2; 125 
        D=(1+2.6*a*b/(a+b)^2*(a*b/(a+b)/(r-a-126 
b)).^.5+a*b/(a+b)./(r-a-b))*exp(E./k/temp)./r.^2; 127 
        DD=matlabFunction(D); 128 
        gg=matlabFunction(g); 129 
         130 
         ma=4*a^3*pi/3*density;% mass of one particle 131 
         mb=4*b^3*pi/3*density;% mass of one particle 132 
         Knudsena = lamda/a; 133 
         Knudsenb = lamda/b; 134 
         Diffusivitya = k*temp/(3*pi*mu*a)*(5+4*Knudsena+6*Knud-135 
sena^2+18*Knudsena^3)/(5-Knudsena+(8+pi)*Knudsena^2); 136 
         Diffusivityb = k*temp/(3*pi*mu*a)*(5+4*Knudsenb+6*Knud-137 
senb^2+18*Knudsenb^3)/(5-Knudsenb+(8+pi)*Knudsenb^2); 138 
         TSa=(8*k*temp/(pi*ma))^(1/2); 139 
         TSb=(8*k*temp/(pi*mb))^(1/2); 140 
          141 
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          142 
%ezplot(E) 143 
%ezplot(gg) 144 
%ezplot(DD) 145 
format long 146 
WK=integral(gg,c,Inf,'RelTol',1e-7,'AbsTol',1e-10); 147 
WC=1/(a+b)/integral(DD,c,Inf,'RelTol',1e-2,'AbsTol',1e-2); 148 
%WK=quadl(gg,c,Inf); 149 
%WC=1/(a+b)/quadl(DD,c,Inf); 150 
WanderWaals=WC*(1+4*(Diffusivitya+Diffusivi-151 
tyb)/((TSa^2+TSb^2)^.5*(a+b)))/(1+WC/WK*4*(Diffusivitya+Diffusiv-152 
ityb)/((TSa^2+TSb^2)^.5*(a+b)))-1; 153 
  154 
  155 
end 156 
 157 
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